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The proceedings of this conference provide 
an authoritative introduction to the rapidly 
widening scope of microbalance methods 
which is not available elsewhere in a single 
publication. 


The usefulness of microbalance techniques in 
the study of the properties of materials lies 
in their extreme sensitivity and versatility. 
This renders them particularly important in 
studies of properties of condensed systems. 
In addition to the historical use of microbal- 
ance techniques as a tool of microchemistry, 
they have, in recent years, found extensive ap- 
plication in the fields of metallurgy, physics, 
and chemistry. The uniqueness of the method 
results from the facility it provides in making 
a series of precise measurements of high sen- 
sitivity under carefully controlled conditions 
over a wide range of temperature and 
pressure. 
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THE INFLUENCE OF OXYGEN ADSORBED ON A GERMANIUM 
SURFACE ON THE LIFE-TIME OF THE MINORITY CURRENT 
CARRIERS 


R. Kh. Burshtein and S. I. Sergeev 


Electrochemistry Institute, Academy of Sciences, USSR 
(Presented by Academician A, N. Frumkin, February 24, 1961) 
Translated from Doklady Akademii Nauk SSSR, Vol, 139, No, 1, 
pp. 134-136, July, 1961 

Original article submitted February 18, 1961 


In work in our laboratory, studies have been made of the chemisorption of oxygen on germanium and the influ- 
ence of oxygen, chemisorbed under different conditions, on the work of removal of an electron [1,2]. In these works 
it was shown that the rapid and slow stages of the chemisorption influence the work of removal of an electron in dif- 
ferent ways. The data obtained led to the conclusion that the rapid chemisorption corresponds to the formation, on 
the germanium surface, of a monomolecular layer of the type GeO, and the slow stage to the formation of a mono- 
molecular layer of the type GeOg. It was of interest to examine how the different forms of chemisorbed oxygen influ- 
ence the life-time of the minority current carriers in germanium. 


In order to examine this problem we made a study of the life-time of the minority current carriers on a pure 
germanium surface and on germanium covered with chemisorbed oxygen. 


The influence of oxygen on the life-time, which was measured from the drop in the photoconductivity, was 
previously studied by Maddenand Farnsworth[3]. The germanium surface in these experiments was subjected to ionic 
bombardment and subsequent heating in vacuo, In this work the oxygen pressure did not exceed 1.2 - 10-4 mm Hg. 
With this treatment the oxygen adsorbed at room temperature had no influence on the life-time. The oxygen adsor- 
bed at 100° decreased the life-time of the minority current carriers on the germanium surface. It should be pointed 
out that in the work cited the experiments were carried out at very low oxygen pressures, which should have led to 
a decrease in the rate of chemisorption, particularly of the slow stage. In order to compare the results of measure - 
ments of the life-time with data on the kinetics of chemisorption and on the work of removal of an electron from 
the germanium, it was necessary to measure the life-time under the same conditions as were used in our earlier 
studies [1,2]. 


The life-time of the minority current carriers was measured by the photogalvanomagnetic method [4,5]. An 
electromagnet (B = 3200 gauss) was used as magnetic field source. The light source was a cinematographic lamp 
with a power of 500 w. The light frequency modulation amounted to 60 cps. A narrow-band amplifier with an ampli- 
fication factor of 6 + 104 was used to amplify the signal. 


The germanium specimen, in the form of a rectangular plate, was placed in the special holder in the apparatus 
shown in Fig. 1. The end face contacts were used to pass direct current through the specimen and also to remove 
simultaneously the voltages of the photogalvanomagnetic effect and the photoconductivity, The temperature was 
measured by means of a thermocouple placed in the apparatus close to the germanium surface, 


The experiments were carried out on n-type germanium specimens with p = 20 ohm-cm, L = 1.5 mm and 
p = 48 ohm-cm, L = 3.2 mm. The germanium specimens were ground and then etched in hydrogen peroxide. 


The germanium surface was purified by repeated reduction in hydrogen at 400° with subsequent degasification 
at a pressure of 10°’ mm Hg at the same temperature, The life-time on a germanium specimen treated in this way 
was found to be practically the same as the life-time on a freshly-etched surface. 


All the measurements of the life-time were made at room temperature, A study was made of the influence 
of oxygen, chemisorbed at different pressures in the temperature range 20-400°, on the life-time. The results 
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obtained at 20° are shown in Fig, 2, where Po, represents the oxygen pressure and T the effective life-time. The 
life-time was measured for 10 minutes after the start of passage of gas. 


The data obtained from the study of the kinetics of the chemisorption 
of oxygen have shown that less than 1 minute is required for the rapid stage 
of chemisorption to be completed at a pressure of 10-? mm Hg. The slow 
chemisorption, which requires several days for completion at room tempera- 
ture, increases with increase in pressure, the rate of the chemisorption being 
proportional to the square root of the pressure. 


) 


The results which we have obtained show that the rapid and slow stages 
of the chemisorption influence the life-time of the minority current carriers 
on the germanium surface in different ways. The data given in Fig. 2, obtained 
by measurements made 5 minutes after the start of the experiment at a given 
pressure, show that at oxygen pressures not exceeding 0.1 mm Hg, the chemi- 
sorption of oxygen has no influence on the life-time. Under these conditions 
the process taking place is chiefly the rapid stage of the chemisorption, At 
higher pressures, when slow adsorption takes place, the life-time decreases, 
the decrease depending on the length of time for which the germanium has 
been in the oxygen. Figure 2 shows that when the germanium has been in the 


) oxygen for a prolonged period (17 hours) during which the slow adsorption in 


creases, the decrease in T corresponds to the section denoted by the broken 
line. 


A study was also made of the effectofheating the germanium with 
chemisorbed oxygen in vacuo in the temperature range 20-400°. These experi- 
ments were carried out with specimens of n-type germanium with p = 48 ohm- 


cm and L = 3,2 mm. The results of the experiments are for 1 hour. These data 
\ y, show that the life-time increases with increase in the temperature of the 
heating process. This increase is considerable at a temperature of 400°, and 
Fig. 1. The apparatus, 1) To the the magnitude of the life-time after the heating process depends on the dura- 
amplifier; 2) to the pyrometer; 3) tion of this process. Heating in vacuo for 3 hours increases the life-time to 
end face contacts; 4) germanium a value corresponding to that of the pure surface. A study was also made of 
specimen, the influence of oxygen, adsorbed at high temperatures, on the life-time of 


the minority current carriers. It was shown that when germanium is heated 

in the presence of oxygen in the gaseous phase (5 mm Hg), the life-time 
lL sec decreases from 100 sec at room temperature to 40 sec after heating at 
400° (Fig. 3, 2). 


Fig. 2. Relationship between T and js ye 1 
log 1) n-Type germanium, 
p = 48 ohm-cm; 2) p-type german- 
ium, p = 20 ohm, cm. 


Fig. 3. Relationship between T and the temperature of 
the heating process T, 1) In vacuo; 2) in oxygen. 


Comparison of the results obtained in the measurement of the influence of adsorbed oxygen on the work of 
removal of an electron with the results obtained in the study of the influence of oxygen, adsorbed on germanium, 
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on the life-time, leads to the conclusion that the rapid adsorption of oxygen, which has no influence on the life-time, 
leads to a slight change in the work of removal of an electron, whereas the process of slow chemisorption, during 
which there is formed on the surface a layer of the type GeO, which leads to a considerable increase in the work of 
removal of an electron, leads simultaneously to a marked decrease in the life-time. 


When germanium with chemisorbed oxygen was heated in vacuo, i.e.,under conditions where the reaction 
GeO, + Ge = 2GeO takes place, the work of removal of an electron decreases and under these conditions an increase 
in the life-time is observed. 


The process of heating germanium in oxygen, which leads to a marked increase in the work of removal of an 
electron, leads to a considerable decrease in the life-time. It cannot as yet be decided conclusively to what extent 
the results obtained satisfy the theory of Garrett and Brattain [6] establishing the relationship between the rate of sur- 
face recombination and the charge of the surface. These data enable us to suggest that the change in the life-time 
when oxygen is adsorbed is related to a considerable extent to the formation of an oxide of the type GeO, on the 
germanium surface. The regions of the germanium covered with this oxide are apparently centers of surface recom- 
bination, 


We wish to thank A. V. Rzhanov for advice on the assembly of the apparatus for the galvanomagnetic measure - 
ments. 
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DETONATION OF NITROMETHANE — ACETONE MIXTURES 


A. N. Dremin and O. K. Rozanov 
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(Presented by Academician V. N. Kondrat’ev, January 28, 1961) 
Translated from Doklady Akademii Nauk SSSR, Vol. 139, No, 1, 
pp. 137-138, July, 1961 

Original article submitted January 28, 1961 


The modern hydrodynamic theory of detonation was first formulated by Ya. B. Zel*dovich [1]. According to 
this theory a detonation wave consists of a shock wave with a smooth front behind which an exothermic chemical re- 
action takes place. Recently [2-8] it has been established that due to the instability of the ignition zone [3] the shock 
front of a detonation wave in gases (when the detonation takes place in cylindrical and spherical containers [8]) is 
not planar, The reaction does not take place over the entire detonation wave front butin isolated spots where collis- 
ions occur between the tranverse compression wave traveling along the detonation wave front. In a paper by K. I. 
Shchelkin [3] a hypothesis was put forth that similar processes may be taking place when a condensed explosive deto- 
nates. However, until recently there was no clear experimental evidence to support this hypothesis. 


In this work by using a method described before [9] we studied the detonation of nitromethane (NM) and of its 
mixtures with acetone (A), The method basically involves photographic scanning from the terminal surface (using a 
SFRe recorder) of the detonotian propagation, Fortunately the investigated liquids are transparent and one can ob- 
serve the propagation of detonation from one end of the charge to another. 


Fig. 1. Terrninal surface scanning photographs of the detonation propagation 
in nitromethane — acetone mixtures recorded over the entire volume. The 
casing is made of brass, the wall thickness is 0.5 mm, charge diameter is 


34 mm, the length is 150 mm. The percent composition of the NM/A mix- 
ture was: a) 80 : 20; b) 78 : 22; c) 75: 25. 


In Fig. 1 and 2 we have reproduced several terminal scanning photographs of the detonation propagation through 
NM/A mixtures mixed in different proportions. (It should be noted that the magnification is different in Fig. 2.) The 
pictures show that the luminosity along the forward detonation front is not uniform. The scanning photographs of the 
detonation propagation show a system of intersecting luminous and dark bands; the slope of these bands remains 
constant (in any one mixture) and from it one can determine the propagation velocity of the nonuniformities along 
the detonation wave front. This means that the reaction does not begin and proceed along the entire detonation wave 


front at the same time, but in individual spots; the luminous lines in the pictures represent sites of intense chemical 
reaction while the dark lines indicate that no reaction takes place. 


: 


Fig. 2. Terminal surface scanning photographs of the detonation in nitrometh~ 
ane — acetone mixtures recorded over the entire volume. The casing is made 
of 4 mm steel and the charge diameter is 40 mm; the length in a) and b) is 
150 mm and in c) 84 mm. The percent composition of the NM/A mixture 
was: a) 73 : 27; b) 70 : 30; c) 65: 35. 


Thus there are certain zones in which most favorable conditions for the reaction arise. It is quite natural that 


as in the case of gaseous detonations [8] these zones will occur where transverse shock waves collide along the detona- 
tion wave front. 


As the percentage of A in the mixture is increased the number of nonuniformities along the charge diameter 
decreases, At low concentrations of A (Fig. 1a) the nonuniformities are so small that it is hard to observe them in 


the picture with a naked eye. One might consequently conclude that such nonuniformities occur also in pure NM but 
can not be resolved by the instruments available at the present time [9]. 


At high concentrations of A the nonuniformities become so large that the detonation is quenched (see Fig, Ic, 
where the detonation was quenched a: long way from the end of the charge, and Fig. 2c, where the detonation was 
quenched near the end of the charge; this can be deduced from the fact that the scattered explosion products are 


only luminous in places in contrast with Fig. la,b and Fig. 2a,b where the products remain luminous along the entire 
charge length). 


It should be pointed out that the detonation propagation shown in Fig. 1a,b is a stationary process. In these cases 
the detonation is propagated through adistance of about 5 times the charge diameter and the band systems (nonuni- 
formities) remain unchanged, It has been shown [10] that after the detonation has traversed a distance of 3.5-4 times 


the charge diameter the propagation becomes stabilized. This means that the observed type of detonation propaga - 
tion is characteristic of all explosives of this type. 


The fact that the reaction does not begin evenly along the entire detonation wave front but only at individual 
spots indicates that the detonation front in liquid explosives is not planar either. 


In concluding we would like to thank Ya. K. Troshin and G. A. Adadurov for valuable comments and A. I. 
Larin, G. A. Gur'yanov, V. M. Chernyshov, and V. A, Paramonov for assistance in the experimental work. 
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DETERMINATION OF RELATIVE ADSORPTION COEFFICIENTS 


BY THE ISOTOPE DILUTION METHOD 


G. V. Isagulyants, Academician A, A. Balandin, 


and E. I. Popov 


Translated from Doklady Akademii Nauk SSSR, Vol, 139, No, 1, 
pp. 139-141, July, 1961 
Original article submitted March 14, 1961 


The so-called relative adsorption coefficients [1,2] have become of considerable importance in studies of 
heterogeneous catalytic processes, particularly since it has been shown that they appear as constants in the kinetic 


equations [3,4] of a number of reactions. In recent years it has been shown possible to use these quantities to deter- 
mine the values of the energies of bonds on catalysts [5]. 


In work on the study of the mechanism of dehydration of ethyl alcohol [6], we adsorbed a, mixture of ethyl 
alcohol and ether, labeled with ce on aluminum oxide and afterwards displaced the adsorbed products with the 
same mixture of nonlabeled components. From these experiments, using the method of isotopic dilution, we are able 
to determine the quantities of alcohol (I) and ether (T,) adsorbed on the catalyst; this may be of interest in connec- 
tion with the study of the adsorption of mixtures. On the other hand, these quantities are evidently related to the ad- 
sorption coefficients by the simple relationship 


(1) 


where fr and ey are the quantities of alcohol and ether necessary to cover the surface with a monomolecular ad- 
sorption layer; py and p» are the partial pressures of alcohol and ether; b, and by are the adsorption coefficients; and 
z" is the relative adsorption coefficient. Generally speaking, the value of z* may differ slightly from that found by 
the reaction-kinetic method, since in the latter case it relates to the regions of the surface responsible for catalysis 
and in the former case it relates to the regions responsible for adsorption, At high temperatures this difference should 
not be significant. The experiments described below may also be of interest in connection with the application of 
the isotopic dilution method to the study of the adsorption of mixtures. 


Our experiments were carried out in a flow apparatus. 2.8 g (5 ml) of the catalyst — active aluminum oxide 
(particle size 0.5-1 mm) — was placed in a quartz tube whose temperature was maintained at 120 + 1°. A mixture 
of alcohol and ether was passed into the tube containing the catalyst, at a rate of 0,05 ml/min; one or both com- 
ponents of the mixture, depending on the purpose of the experiments, were labeled with radiocarbon, The products 
not adsorbed on the catalyst were collected in a receiver cooled to -50°. Nitrogen was then blown through the tube 
containing the catalyst for 20-30 minutes. (Special experiments showed that this gave complete removal of the ac- 
tive products from the walls of the reaction vessel.) After the nitrogen had been blown through, the receiver was 
changed and a mixture of alcohol and ether, containing no radiocarbon, was passed into the tube containing the ca- 
talyst, at a constant rate of 0,05 ml/min, This led to displacement of the radioactive products adsorbed on the alum- 
inum oxide, The resulting mixture was collected in a receiver, separated by distillation on a column with vacuum 
jacket, and the specific activity of the alcohol and ether was determined as previously described [6]. Special experi- 
ments showed that the separation was 99.3 + 0.2% complete. 


It was first of all necessary to find out whether exchange of radiocarbon takes place between alcohol and ether 
under the experimental conditions. For this purpose 1 ml of the mixture of alcohol and ether, containing 94% ether 
and 6% (by weight) of labeled alcohol with activity 78000 counts/min on 1 mg of barium carbonate was passed 
through the catalyst; nitrogen was then blown through the apparatus, after which 5.6 ml of an inactive (1: 1) mix- 
ture of alcohol and ether was passed through the catalyst. The alcohol and ether were separated from the collected 
condensate and their specific activities were determined as previously described [4,6]. 
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The results of these experiments are given in Table 1A, It can be seen that the average value of the radio- 
activity amounts to only 0.1% of the radioactivity of the alcohol, which does not exceed the possible contamination 
of ether by alcohol under the conditions of the method which we used for the separation, It may thus be concluded 

that ether is not formed from alcohol over aluminum oxide at 120°, 


It was also necessary to find the extent to which the adsorbed products were displaced as a result of the passage 
of the mixture of alcohol and ether, For this purpose, after the nitrogen had been blown through, 5.6 ml of the inac- 
tive mixture was again passed through and the radioactivity of the alcohol and ether from the condensate was deter- 
mined, The results are given in Table 18. According to this Table, the radioactivity of the alcohol amounts to only 

1-2% of that in Table 1A, from which it follows that the passage of the first 5.6 ml of mixture gives sufficiently com- 
plete displacement of the alcohol adsorbed initially. 


Specific Activity of Alcohol and Ether in the Condensate (in counts/min on 1 mg of 
barium carbonate) 


A: after displacement 
of the radioactive 
alcohol from the sur- 
face by the passage 
of inactive mixture 


B: after the second 
passage of inactive 
mixture over the ca- 


talyst 


C; after displacement 


of radioactive mix- 
ture of alcohol and 


ether from the surface 


with nonradioactive 


mixture 


D: after dilution of 
the condensate with 
inactive mixture of 
alcohol and ether 


Expt.| alcohol 


No. 


ether 


Expt. 
No. 


alcohol 


ether 


Expt, 
No. 


alco- | ether} Expt. 


hol 


alco- 


ether 


1 1520 


9 1420 
11 1560 
15 1460 


17 1590 


1514 


from which 


or 0.84 and 0.027 mM/g respectively. 


Ave. 


8,2-5,6-117 
2300 


20 
15 | 0 
30 0 
22 


= 300, 


= 2 


18 
19 
20 


Ave. 


N2B3 = 300, 


115 6 

120 6 19 
117 5 20 
117 6 | Ave. 


In order to determine the quantities of alcohol and ether adsorbed on the surface of the aluminum oxide at 
120°, we made up a mixture of alcohol and ether with equal specific radioactivity (1 : 1 by weight). 


The mixture was prepared by dehydrating radioactive alcohol (2300 counts/min on 1 mg of barium carbonate) 
over aluminum oxide. A ml of this mixture was passed over the catalyst at 120°, the receiver and condensate were 
removed, and the condensate was retained for control experiments (see below). Nitrogen was then passed through 
the system, after which a portion (5.6 ml) of the inactive mixture was again passed over the catalyst and the specific 
activities of the alcohol and ether collected in the receiver were determined. The results of the determination of 
the specific activities are given in Table 1c. 


By using the isotopic dilution method and the data given in Table 1C, it is possible to calculate the quantities 
of alcohol and ether held (chemisorbed) by the catalyst and then, by means of Eq. (1), to calculate the relative ad- 
sorption coefficient of the ether. Aml of the labeled mixture of alcohol and ether, which was passed over the catalyst 
in the experiments of Table 1C, contained 8.2 mM of alcohol and 5.1 mM of ether. If I, and T, denote the quantities 
of labeled alcohol and ether (in mM) held by the catalyst and subsequently displaced by the inactive mixture, Ny 
and Ng the fotal quantities of alcohol and ether (in mM) in the receiver after the passage of the inactive mixture, 
and 6 ; and 8 their specific activities, we have the following equation 


260 370 
230 370 
247 373 


| 
hol 
15 3 250 | 380 7 
= 
= 
Ave. | 15 
| a 
5,1-5,6-6 
2300 
a 
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The inactive mixture (5,6ml) was also added to the condensate obtained for control purposes, after which the 


specific activities of the alcohol and ether in the resulting mixture were determined. The results of the determination 
are given in Table 1D. 


On the other hand, calculation of 8 | and 6 3 from the values of I’, and T, gives 


(8,2—2,34)-2 300 counts (5,1—0,075)-2 300 counts 
 (8,2-5,6) +8,2—2,34 min. mg » (5,1-5,6) +5,1—0,075 min-mg 


It can be seen that the values of 8° obtained by calculation and by experiment (Table 1D) show satisfactory agree- 
ment, 


The partial pressures of alcohol and ether p, and p, in the labeled mixture were equal to 0.62 and 0,38 atmo- 
spheres respectively. Thus assuming that the ratio ray T}" is equal to the reciprocal of the ratio of the areas [7] oc- 
cupied by the alcohol and ether molecules, we have 


0,075 0,62 
0,8- 0,38 = 0,04. 
In Balacenau and Yungers’ paper [8] the values given for the relative adsorption coefficient of ether (relative 
to alcohol), determined by a different method on aluminum oxide at 225, 245, and 260°, are 0.16, 0.29 and 0.4 
respectively. Extrapolation of these data to 120° gives a value close to that which we obtained, 
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The study of reactions in which photochemical evolution of oxygen takes place is of interest in connection 
with attempts to find artificial models for the separate stages of photosynthesis, Chloroplasts and homogenates isola- 
ted from leaves retain their ability to undergo the Hill reaction — the photochemical evolution of the oxygen of 
water, with the conjugated reduction of ferric iron, quinone, and other compounds, It has not yet been possible, how- 
ever, to reproduce reactions of this type in artificial systems. The present paper described some types of redox reac~- 
tion photosensitized by zinc oxide and titanium dioxide, in which evolution of oxygen is observed in the presence 

of a number of oxidizing agents — potassium permanganate, quinone, and ferric compounds, The experiments were 
carried out at 20° in quartz or glass Warburg manometric vessels illuminated from beneath the vessel by a PRK-4 
mercury ~ quartz lamp fitted in a 5 cm diameter quartz tube. The vessels and light source were placed in the water 
bath of the Warburg apparatus, When the experiments were carried out in the quartz manometric vessels, the whole 
of the spectrum of the PRK-4 lamp, including the 256 and 313 mu mercury lines, was effective, while in the glass 
vessels these lines were held back by the glass and the 365 and 404 mu groups of mercury lines were effective. 


Light —+-Dark 
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200+ 
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8 

Gas evolved 
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Gas evolved 


Ss 
S 
> 
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6 612 «618 6 imin 

6 i 8 6 imin Fig. 2. The same as in Fig. 1, in quartz vessels. 
Fig. 1. The evolution of oxygen, photosensitized It is known that zinc oxide and titanium dioxide 
by ZnO and TiO2, from potassium permanganate exhibit absorption in the ultraviolet region of the spectrum 
solutions with illumination by a PRK-4 lamp in (the long-wave boundary of the absorption is approximately 
glass vessels at 20° (5 mg KMnO,, 30 mg ZnO or 400 m). In the reactions studied, the components also ab- 
TiOg, and 10 ml water). 1) KMnO,4+ ZnO; 2) sorb in this range of the spectrum, so that in all cases a 
KMnO, + TiO; 3) KMnO,; 4) ZnO; 5) TiO»; 6) comparison was made of the direct photochemical action 
KMnO, + ZnO with a solution of alkaline pyro- (without sensitizer) and the action in the presence of zinc 


gallol in the side arm of the vessel. oxide and titanium dioxide, The experiments in which the 


illumination was carried out in the absence of oxidizing 
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agent in aqueous media led to very slight absorption of oxygen in the case of zinc oxide (which sensitizes the forma- 
tionof hydrogen peroxide from water and oxygen [1]). In the presence of titanium dioxide the gas exchange did not 
take place. In order to check the possibility that nonstoichiometric oxygen is present in the zinc oxide, we carried 
out the following experiment: a suspension of zinc oxide in water was placed in the vessel, whose side arm contained 
10% sulfuric acid, The vessel was brought to constant temperature in the thermostat, the acid was added, and the gas 
exchange was followed; no evolution of gas was observed over a period of one hour, The possibility that CO, was 
evolved was eliminated by placing a small beaker containing alkali in the vessel, An experiment carried out with 
freshly-ignited zinc carbonate also showed the absence of nonstoichiometric oxygen, 


The majority of the experiments were carried out in an atmosphere of nitrogen which had been purified from 
traces of oxygen by passage through a system of absorption vessels containing alkaline hydrosulfite, In some experi- 
ments the pH was varied by the addition of water acidified or made alkaline to a definite pH with sulfuric acid or sod- 
ium hydroxide solution, Buffer salts (phosphates) retarded the reaction, 


The photocatalytic decomposition of potassium permanganate, The evolution of oxygen from potassium perman- 
ganate solutions under the influence of ultraviolet light was discovered in 1913 by Mathews and Dewey [2]. This reac- 
tion was studied by Rideal and Norrish [3]. Zimmerman [4] studied the isotopic composition of the oxygen evolved 
and established that the photochemically evolved oxygen is produced from the MnO,” ions and not from the water 
molecules, so that the photochemical act involves the intramolecular transfer of an electron from the oxygen to the 
manganese ion, The maximum quantum yield of the reaction was observed at 313 mi, 


We found that the introduction of zinc oxide and titanium dioxide into aqueous solutions of potassium permanga - 
nate sensitizes the reaction of oxygen evolution towards longer wavelengths in the region of the characteristic absorp- 
tion of the sensitizer (up to 400 my), The direct photochemical evolution of oxygen from KMnO, in glass was insigni- 
ficant, In the presence of sensitizers (ZnO and Tig) in glass vessels, intensive evolution of oxygen was observed (Fig. 
1) and in quartz vessels a considerable acceleration of the reaction was observed; in the latter case the reaction also 
took place generally in the absence of sensitizing agents (Fig. 2). 


Change in pH in the range 4-10 had little influence 
on the photochemical evolution of oxygen permanganate 
ad ++ Light —+-Dark solutions in quartz vessels in the absence of sensitizers, 

Nom which supports the theory that intramolecular transfer of 
an electron takes place, In the case of sensitization by ZnO 
and TiO,, however, the evolution of oxygen is influenced 
slightly by the magnitude of the pH; this is probably rela- 
ted to blockage of the active centers on the surface of the 


Gas evolved 


photocatalyst, 
It was confirmed that the gas being evolved was in 


4 
6 2 1% 6 i min 


fact oxygen, by experiments carried out in an atmosphere 

of nitrogen in the presence of an oxygen absorber — a 2% 
solution of pyrogallol in 10% NaOH solution (1 m1 of this 

Fig. 3, Evolution of oxygen, sensitized by ZnO, solution was placed in the side arm of the vessel in a cur- 
from KsFe(CN)g solutions with illumination with rent of nitrogen), The oxygen was absorbed during the experi- 
a PRK-4 lamp in glass vessels at 20° in an atmo- ment, and the results are shown in Fig. 1. Control experi- 
sphere of nitrogen (15 mg of KgFe(CN)., 500 mg ments with ZnO and TiO, in water without KMNO, showed 

of ZnO and 10 ml of water), 1) KgFe(CN), + ZnO; no evolution of oxygen. 

2) KgFe(CN)g¢; 3) ZnO; 4) KgFe(CN), + ZnO (1 ml 
of a 2% solution of pyrogallol in 10% NaOH pre- 
sent in the side arm of the vessel,, with 9 ml of 
water in the vessel), 


On the basis of the experiments of A. N. Terenin and 
E, K, Putseiko [5], who showed that the photoconductivity 
of ZnO is sensitized by adsorbed dyes, we attempted to use 
these adsorbates to sensitize the reaction towards the visible 
range of the spectrum. These experiments did not give 
satisfactory results, however. We also tried to sensitize the decomposition of KMnO, towards the red end of the spec- 
trum in acetone and pyridine solutions of chlorophyll, but these experiments were also unsuccessful, as were experi- 
ments on the sensitization of the decomposition of aqueous KMnO, solutions with colloidal chlorophyll and crystals 
of magnesium and copper phthalocyanines, which exhibit a photosensitizing action in the oxidation of ascorbic acid 


[6]. 
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Since ZnO sensitizes the formation of hydrogen peroxide [1], it might seem that the evolution of oxygen might 
have taken place “in the volume” as a result of reaction between H,O, and KMnO,, Evidence against this mechanism 
is provided, however, by the fact that the reaction takes place more effectively, and not less effectively, in the ab- 
sence of oxygen, while titanium dioxide, which does not sensitize the formation of HzO», is nevertheless active in the 
case of the decomposition of potassium permanganate, 


The photosensitized evolution of oxygen in the presence of potassium ferricyanide, The experiments were car- 
ried out in glass vessels in an atmosphere of nitrogen, The ratio of ZnO to KgFe(CN), has a considerable influence on 
the efficiency of the process, At high KsFe(CN), concentration the ZnO is screened from the action of the light. The 
optimum ratios in our experimental conditions were 500 mg of ZnO to 15 mg of K3Fe(CN), and 10 ml of water, Experi- 
ments were also carried out in the presence of alkali and alkaline pyrogallol as absorbents, The gas exchange did not 
take place in the presence of alkaline alone. 


Figure 3 shows that the evolved gas is absorbed by pyrogallol and is thus oxygen, After illumination for 30 min, 
up to 100 mm of oxygen is evolved, which amounts to approximately 0,1 mole per mole of KsFe(CN),. In the presence 
of titanium dioxide under these conditions no evolution of oxygen was observed. 


The photosensitized evolution of oxygen in the presence of quinone, When aqueous solutions of quinone were 
illuminated in glass or quartz vessels, we were unable to observe the direct photochemical evolution of oxygen. The 
introduction of zinc oxide or titanium dioxide into the glass vessels led to the formation of gas during illumination 
in an atmosphere of nitrogen. A considerable fraction of the gas was absorbed by alkali solution, however, while 
alkaline pyrogallol absorbed 20-30% more gas (Fig. 4). Thus a mixture of carbon dioxide and oxygen in the approxi- 
mate ratio 2:1 is evolved in the photoreaction, In control experiments with zinc oxide alone, quinone alone, and the 
absorbent solutions alone, no evolution of gas was observed. The introduction of hydroquinone into the quinone sup- 
pressed the evolution of oxygen. In the presence of air, photosensitized oxidation of quinone and hydroquinone was 
observed, It is probable that in the reaction without air, the OH radicals initially formed lead to partial destructive 


oxidation of quinone or the semiquinones formed as intermedi- 
ate products, This side reaction is extremely efficient and ap- 


mm? -7 + Light + 7. parently only the smaller fraction of the OH radicals is able 
200} \ , to recombine with the evolution of oxygen on the zinc oxide 
surface, 


The mechanism of the reaction. Both the photocatalysts 
and the oxidizing agents absorb in the excitation range, In the 
systems studied, therefore, there is no sensitization in the “pure” 
1204 form, and we are thus dealing with the photocatalytic action 

of zinc oxide and titanium dioxide, although the direct photo- 
chemical action was insignificant in control experiments in 
glass vessels. The following types of mechanism may be sug- 
gested for these reactions: 1) the elementary process takes place 
2 in the volume, and the photocatalyst “collects” the photopro- 
ducts, preventing rapid reversal of the primary stages; 2) the 
photoreaction involves molecules adsorbed on the catalyst sur- 
; face with excitation in the range of their characteristic absorp- 
tion; 3) the photocatalyst absorbs light and leads to the photo- 

4 sensitized oxidation — reduction of the reacting molecules ad- 
Ly Les sorbed on its surface. In order to solve these problems it is 

6 6  % 6 i min necessary to measure the “spectrum of action" of the reactions 
studied. In our opinion, the mechanism most probably involves 
the photochemical transfer of an electron via the catalyst— 
semiconductor, since reactions of this type also take place with 
substances which do not exhibit absorption in the range of the 
light producing the excitation [1]. 
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Gas evolved 
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Fig. 4. Evolution of oxygen, sensitized by ZnO, 
from quinone solutions in glass vessels with il- 
lumination by a PRK-4 lamp at 20° in an atmo- 
sphere of nitrogen (15 mg of quinone, 500 mg of 
ZnO and 10 ml of water). 1) Quinone + ZnO; 


2) quinone + ZnO + KOH in the side arm of the Zinc oxide and titanium dioxide are semiconductors, and 
vessel; 3) quinone + ZnO, with alkaline pyrogal- illumination of these materials leads to separation of the charges 
lol solution in the side arm; 4) quinone; 5) ZnO, —the electron and the hole, When light acts on the surface of 


the sensitizer, the formation of electron— donor and electron— 
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acceptor centers is possible [7]. The elementary stages of the reaction probably involve acceptance of the 
electron by the electron—accepting component (MnO,, quinone, Fe**) and the donation of an electron 
by the electron-donating component (OH — H,0) to the “hole” with the intermediate formation of hydroxyl radicals. 
In G, A, Korsumovskii's experiments [8] it was shown that phenol is formed when an aqueous suspension of zinc oxide 
is illuminated in vacuo in the presence of benzene and the electron-accepting dye methylene blue. This indicates 
the formation of hydroxyl radicals, which react with the benzene [9]. 


On the basis of our experiments it must be assumed that the primary photoproducts (probably hydroxyl radicals) 
may recombine on the surface of the photocatalyst with the evolution of oxygen, The mechanism of the reactions 
which we have described requires deeper study, 


In conclusion it must be pointed out that the photocatalytic action of zinc oxide and titanium dioxide differs 
for different specimens of these compounds, It is known that the activity of photocatalysts of this type depends on the 
specific surface, structure, and presence of heavy metal microimpurities [7]. 


The experiments were carried out with Merck analytically pure grade zinc oxide (1), four specimens of muffle 
zine white (II), ZnO obtained by igniting chemically-pure ZnCOg at 700° (III), pure Schering — Kahlbaum titanium 
dioxide (IV), and titanium white with the anatase structure (V). In the evolution of oxygen from KMnQ,, the activity 
was high for all the photocatalyst specimens studied, In the reaction with K3Fe(CN), the ZnO specimens (I) were most 
active, the specimens (II) were less active, and specimens (III) were inactive. The Figures give data for experiments 
with ZnO specimen (I) and TiO, specimen (IV). 
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From the reaction mixture formed in the decomposition of a number of unsymmetrical diaryliodonium salts 
with powdered tin in the presence of SnCly, we previously isolated diaryl organotin compounds containing the more 
strongly electron-accepting radicals [1]. At the same time the possibility that the second, I.e. ,the less strongly elec - 
tron-accepting radical was also transferred to the tin was not excluded, The compounds with these radicals could 

have been formed in such small quantities, however, that their isolation by ordinary methods would have been dif- 
ficult, In order to solve the problem of whether or not both radicals from unsymmetrical iodonium salts are transfer- 
red to the tin, we analyzed the reaction mixture by a method which we have developed, involving the paper chromato- 
graphy of organotin compounds, It should be noted that the literature contains no data on the use of the method of 
paper chromatography for the separation of diaryl organotin compounds. We have therefore found for the first time 
conditions for the separation of known organotin compounds. 


The known symmetrical diaryl organotin compounds were separated on paper (rapid-filtering chromatographic 
paper from the Leningrad plant) impregnated with a 10% solution of olive oil in petroleum ether. Solutions of methyl 
alcohol in 1 N HCl were used as mobile phase. The chromatograms were dried in air and developed with a saturated 
solution of diphenylcarbazone in 50% aqueous methyl alcohol. This reagent gives a purple color with diaryltin com- 


pounds, The values of the relative mobilities (Rf values) of the symmetrical organotin compounds are given in Table 


TABLE 1,* Rf-Values of Symmetrical Organotin Compounds for Different 
Concentrations of CHgOH in the Mobile Phase (at 20°C) 


CH;OH, % 


cial 20 30 | 40 50 | 60 
(CeHs)SnCl, 0.33. | 0.40 | 0.50 | 0.60] 
0.33 | 6.07 | 0.15 | 0.29] 
0.04 | 0.10 | 0.19 | 0.34] - 
0.01 | 0,02 | 0.14 | 0.24] 0.38 
(p-I 0.02 | 0.04 | 0,11] 0.20 
(p-CHgOC,H,),SnCl, ~ 0.23 | 0.31 | 0.50] - 
0.19 | 0.29 | 0.48 | 0.70] 
0.23 | 0.38 | 0.55 | 0.75] 


“In all cases SnCl, and SnCly have Rf values of 0,80-0.90, 
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Subsequently, by decomposing a mixture of two symmetrical diaryliodonium salts ArgiCl and Ar‘,IC1 with 
stannous chloride or (in the case where these iodonium salts were not available) by the reaction between two dif- 
ferent symmetrical organomercury compounds ArgHg and Ar',Hg with stannous chloride by K. A. Kocheshkov and 

A. N. Nesmeyanov's method [2], we prepared mixtures containing unsymmetrical organotin compounds of the type 
ArAr'SnCly. The reaction products were separated by the method of paper chromatography under the same conditions 
as were used for the symmetrical organotin compounds. Three spots were revealed on the chromatograms. In each 
case the upper and lower spots had the same Rf values as the corresponding symmetrical organotin compounds ap- 
plied to the same chromatogram. The central spot evidently corresponds to the unsymmetrical diaryl organotin com- 
pound, The Rf values of the unsymmetrical diaryl organotin compounds in this way are given in Table 2. 


TABLE 2. Rf Values of Unsymmetrical Diaryl Organotin Compounds for 
Different Concentrations of Methyl Alcohol in the Mobile Phase 


CHsOH,% 


ArAr’SnCl, 20 | 30 40 50 


(p-C1CgHy, CgHg) SnCl,* 0.33 
(p-BrCgH4, CgHg) SnCl,* — | 0.11 ]0.22 | 0.39 


(p-I CgHy, CgHg) SnCl,** 0.05} 0.11 |0.20 | 0.34 
(p-CHgOCgHy, CgHg) SnCl,* 0.31 |0.42 | 
(p-CgHgOCO, CgHy, 0.39 | 0.62 
(p-C,HsOCOCgHy, CgHs) SnCl,** 0.25] — 
(p-CpHgOCOCgHy, p- CHgCgHy) SnCl,** 0.15 }0.29 | 
p-CHgCgH,) SnCl,* 0.18 }0.32 | 

* Compound obtained by decomposing a mixture of two symmetrical iodon- 
ium salts, 


** Compound obtained by Nesmeyanov and Kocheskhov's method [2] by the 
reaction of two symmetrical organomercury compounds. 


The method of paper chromatography was used to analyze the diaryl organotin compounds formed in the de- 
composition of unsymmetrical iodonium salts with stannous chloride. The reaction was carried out in two different 


ways: 1) in the presence of powdered metallic tin in acetone (the conditions described in our earlier work [1]) and 
2) without metallic tin in alcohol*. 


To identify the resulting organotin compounds on the chromatogram, we added as standard a mixture of the 
corresponding symmetrical and unsymmetrical compounds obtained by the method described above. It was found 
that in both cases, with or without metallic tin, the same mixtures of organotin compounds are formed; the results 
of the analysis of these mixtures are given in Table 3, This Table shows that only in the case of the decomposition 
of m-carbethoxydiphenyliodonium chloride is only one radical from the unsymmetrical diaryl iodonium salt trans- 
ferred to the tin, In all other cases both radicals of the unsymmetrical iodonium salt are transferred to the tin to 
some extent. The method of quantitative paper chromatography (elution of the spots with a solution of diphenylcar- 
bazone in p-xylene and colorimetric estimation at \ 550 A) was used to study the ratio of the quantities of organo- 


tin compounds formed in the decomposition of the unsymmetrical diaryliodonium salts, The results are given in 
Table 3. 


The data obtained show that the relationship between the extent of the transfer of one or other of the radicals 
from the unsymmetrical iodonium salt to the tin and the structure of the salt is complex and depends to a compara- 
tively small extent on its electron-donating or electron-accepting properties. 


It should be noted that tin compounds containing the anisyl radical exhibit low stability and decompose in the 
reaction medium. This explains the results obtained in our earlier work [1] on the decomposition of unsymmetrical 
diaryliodonium salts with stannous chloride, since all the original unsymmetrical iodonium salts (with the exception 


* We showed beforehand that the decomposition of a number of symmetrical iodonium salts with stannous chloride 


and alcohol yields symmetrical diaryl organotin compounds in good yield: 2ArgIC1 + 2SnCl, ArSnCl, + SnCly + 
+ 2Arli. 
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of p-carbethoxydiphenyliodonium chloride), whose decomposition we studied, contained the p-anisyl radical, The 
anisyl organotin compounds apparently decompose both during the reaction itself and during the treatment of the 
reaction mixture, The only compounds isolated were the more stable organotin compounds with the more strongly 
electron-accepting radicals, 


EX PERIMENTAL 

Method for carrying out the analysis of the mixture of diaryl organotin compounds by the method of paper chroma- 
tography. The chromatographic paper (rapid-filtering paper from the Leningrad plant) was impreganted with a 10% 
solution of olive oil in petroleum ether, When the petroleum ether had evaporated, solutions of the diaryl organotin 
compounds in methyl alcohol (1-10y ) were applied to the paper. Solutions of methyl alcohol in 1 N HCI were used 
for the separation, The chromatographic separation was carried out by the ascending method, the distance traveled 
by the solvent front amounting to 20-50 cm, The chromatogram was then dried in air for 2-3 hours or in a current 
of hot air, and sprayed with a solution of diphenylcarbazone in 50% aqueous methyl alcohol. The diaryl organotin 
compounds appeared as purple spots, When the chromatogram was dried the spots became pale, but they appeared 
again when the chromatogram was moistened with water. The smallest detectable quantity of (CgHs)gSnCl, was 0.57, 
the optimum quantity being 5-10 y. 


The determination of the ratio of diaryl organotin compounds formed in the reaction of nonsymmetrical iodon- 
ium salts with stannous chloride, Specimens (2-4) inthe form of bands of approximately 1 cm were applied to a strip 
of chromatographic paper 10-20 cm wide and 30-50 cm long. After the separation, the part of the chromatogram 
with the first specimen was used to determine the position of the spots of the organotin compounds. The section con- 
taining the separated organotin compounds were then cut from the still moist chromatogram (after drying for 5-7 
minutes in air) and washed into colorimetric tubes with 6 ml of a saturated solution of diphenylcarbazone in p-xylene. 


The intensity of the purple color produced was measured after 24 hours on an SF-4 spectrophotometer at a wavelength 
A 550 A, 
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The study of the adsorption of hydrocarbons on oxide catalysts is of great importance not only on account of 
the need for a better understanding of heterogeneous catalysis, but also since it promotes the development of the 
chromatographic separation of hydrocarbons. The adsorption isotherms of benzene, cyclohexane, and cyclohexene 
(both from vapor and solution) on aluminum oxide reported before [1-3] and those given here have made it possible 
to determine the molecular orientation of these hydrocarbons on the adsorbent surface and evaluate certain mole- 
cular parameters. 


It has been established that cyclohexene molecules adsorbed on aluminum oxide change their orientation with 
respect to the surface as the hydrocarbon concentration is raised. From a position with the molecular plane parallel 
to the aluminum oxide surface they turn edgewise with the double bond nearest to the surface; when the tempera - 
ture at which adsorption is carried is raised and approaches the catalytic isomerization temperature the minimum 
cyclohexene concentration on the surface required to achieve such a reorientation decreases. In all probability the 
edgewise orientation of cyclohexene molecules precedes the catalytic reaction, Benzene and cyclohexane isotherms 
determined under similar conditions have shown that these hydrocarbons remain oriented with their planes parallel 
to the catalytic surface. 


The study of the energy relationships in molecular adsorption is of great help in the general investigation of 
hydrocarbon adsorption. We have therefore decided to measure the heats of wetting of aluminum oxide by pure liquid 
benzene, cyclohexane, and cyclohexene as well as by the same hydrocarbons dissolved in n-heptane. The wetting 
heat isotherms were then compared with the adsorption isotherms. 


The catalyst consisted of commercial aluminum oxide-chip catalyst specific surface of 250m?/g and a mean 
pore radius of 40A [4]. In the calorimetric experiments we ground the catalyst and used the 0,1-0,25 mm fraction, 
The powder was washed with twice-distilled water to eliminate fine dust, dried, and heated at 500° for 5 hrs. After 
that it was pies side out in calorimetric tubes and heated gradually to 200° while the tubes were evacuated to a pres- 
sure of 5 x 10°” mm Hg and sealed. 


Chemically pure n-heptane, cyclohexane, and recrystallized cryoscopically pure benzene were distilled several 
times over sodium metal in a fractionating column with an efficiency of 70 theoretical plates. Cyclohexene was 
prepared by the catalytic dehydration of cyclohexanol over magnesium sulfate [5] and purified in the same way as 
the other hydrocarbons, The physical constants of the purified hydrocarbons were in good agreement with those given 
in the literature [6,7]. The purified hydrocarbons were stored over aluminum oxide which had been fired at 500°C 
and before each experiment they were redried over freshly fired aluminum oxide. 


The wetting heats were determined in an adiabatic calorimeter similar to that listed as No, 2 in Ref. [8]*. The 
calorimeter was sensitive to temperature change of 1-5 x 10°C and heat changes of 2-4 x 10~* cal. The experi- 
mental method was similar to that described in [9]. 


* We are greatly indebted to V. F. Kiselev and K, G, Krasiinikov who were kind enough to provide us with the calori- 
metric apparatus. 
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To eliminate all traces of water in addition to the thorough drying of all hydrocarbons we flushed the calori- 
meter before each experiment with air which was dried over concentrated sulfuric acid, anhydrous calcium chloride 
and silica gel. 

In the calorimetric experiments we would break three sealed tubes 
containing aluminum oxide in succession; the first one particularly in the 
Wetting heat case of benzene adsorption yielded slightly higher results due to traces of 
water, while the other two generally yielded the same value. The wetting 
heats were calculated from the data obtained with the second and third 
Benzene 1.2 7.6 tubes, After each experiment we calibrated the calorimeter by determining 
Cyclohexane 5.8 8.4 its specific heat three times and also determined the equilibrium concen- 
Cyclohexene 7.0 4.6 tration of the solution. The wetting heat was measured interferometrically 
n-Heptane 4.5 = on the basis of previously constructed calibration curves for each investi- 
gated system. The wetting heats could be determined with an accuracy of 


+ 5%, 


Hydrocarbon} cal/g | kcal/mole 


mmoles/g, cal/g 


Q6 
Q4F 


Q2 


4 1 3 4 5 6 7 3 moles /liter 
moles/liter Fig. 2. The wetting heat (1) and adsorption (2) iso- 
Fig. 1. The wetting heat (1) and adsorption (2) isotherms therms of cyclohexane dissolved in n-heptane on 
of benzene dissolved on n-heptane on aluminum oxide aluminum oxide chips at 20°C, 


chips at 20°C, 


In the Table we have compiled the results ob- 
tained from our calorimetric measurements of the wet- 
ting heats of aluminum oxide chips by pure hydrocar- 
bons: benzene, cyclohexane, cyclohexene, and n-hep- 
tane at 20°C over the entire concentration range from 
pure n-heptane to our isocyclic hydrocarbon, 


mmoles/g, cal/g 
10 


The data given in the Table show that the heat 
of wetting of aluminum oxide by a pure aromatic 
hydrocarbon (benzene) and by a cyclene (cyclohexene) 

een are very similar when expressed in calories per gram 

4 5 6 7? 8 9Jmoles/liter of adsorbent, But in the case of a cyclane (cyclohex- 
ane) it declines and becomes even smaller in the case 
of an alkane (n-heptane), The fact that n-heptane 


Fig. 3. The wetting heat (1) and adsorption (2) isotherms 
of cyclohexene dissolved in n-heptane on aluminum ox- q 
ide chips at 20°C, The solid dots denote experiments interacts much more weakly with an aluminum oxide 


carried out in a new calorimeter similar to that described surface than does either benzene, or cyclohexene, +d 
in [8] even cyclohexane explains why the latter three will 


displace n-heptane from an adsorber when adsorption 
takes place from binary mixtures containing n-heptane 
and any one of the three enumerated hydrocarbons. 


However, if one is to get an idea about the energy relationships on the surface of aluminum oxide chips, one 
has to consider the differences in the absorptivities of the three hydrocarbons on the catalyst.* 


Figs. 1,2,and 3 we have reproduced the adsorption isotherms of benzene [2], cyclohexane, and cyclohexene 
[3} (all dissolved in n-heptane) obtained at the same temperature as the wetting heats. By first determining from the 
isotherms the number of hydrocarbon molecules adsorbed in a compact unimolecular layer we can subsequently cal- 


* The small difference between the wetting heats of the solution components makes it impossible to get accurate 
enough [9] differential heats of adsorption from the discussed solutions. 
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culate the wetting heats per mole of adsorbed hydrocarbon (Table). It turns out that of the three investigated hydro- 
carbons (n-heptane being excluded) a mole of cyclohexene yields the least amount of heat when adsorbed on the sur- 
face of aluminum oxide. The heats of wetting by adsorbed benzene and cyclohexane are very close when expressed 
per mole of adsorbed hydrocarbon, The reason for this will be explained later on, 


Let us examine the isothermal heats of wetting of aluminum oxide chips by benzene and cyclohexane dissolved 
in n-heptane (see Figs. 1 and 2). The curves have shapes similar to those described in [10] and agree with the experi- 
mental adsorption isotherms. Figures 1 and 2 show clearly that at low concentrations the wetting heat isotherms of 
benzene have a greater slope than those of cyclohexane, But subsequently over a wide range of concentrations an 
approximately constant amount of heat is evolved. Towards the end, when the solution concentration approaches 
that of either pure benzene or cyclohexane the heat rises to the value obtained with pure hydrocarbon. In the case 
of benzene and cyclohexane the initial rise on the wetting heat isotherms at low concentrations is fully consistent 
with the rise of the corresponding adsorption isotherms plotted alongside. This rise represents the formation of a uni- 
molecular layer of the more strongly adsorbed component as its concentration in solution increases. Once the uni- 
molecular layer is filled the wetting heat ceases to grow. This provides additional evidence for the unimolecular 
nature of the adsorption of these hydrocarbons from solution, The heat rise at very high concentrations has previously 
been observed in other systems [10] but is somewhat more difficult to explain. 


A plot of the isothermal heats of wetting of aluminum oxide by cyclohexane dissolved in n-heptane (Fig. 3) 
resembles the other two isotherms in the region of low and limiting concentrations. But unlike the wetting heat iso- 
therms of benzene and cyclohexane it exhibits a jump at a concentration of about 2.6 moles/liter. In the same 
region the adsorption isotherm of cyclohexane has an inflection point which is attributed to a rearrangement of the 
cyclohexene molecules on the aluminum oxide surface from a coplanar to an edgewise orientation [2]. The two iso- 
therms clearly indicate that the calorimetrically determined wetting heats are totally consistent with the postulated 
reorientation of cyclohexene molecules, The heat evolved at concentrations below 2.6 moles/liter apparently corres- 
ponds to the wetting of aluminum oxide by cyclohexene molecules oriented with their plane parallel to that of the 
solid. At higher concentrations the heat represents the interaction energy with cyclohexene molecules oriented edge- 
wise to the surface. The heat of wetting, which is 4.6 kcal/mole when cyclohexene molecules are oriented edgewise 
to the surface, is about twice as large in the parallel orientation. 


Literature data indicate that of the examined hydrocarbons cyclohexene most readily undergoes catalytic re- 
actions on aluminum oxide; catalytic isomerization takes place at 40° [3] while our adsorption investigation showed 
that already at the precatalytic temperature of 30° most of the cyclohexene molecules are oriented edgewise to the 
surface. We claim that this is connected with the reduced heat of wetting of aluminum oxide by cyclohexene after 
a transition from the parallel to the edgewise orientation, which appears to be the precatalytic position, 


Benzene and cyclohexane are much less reactive on aluminum oxide and undergo catalytic reactions only at 
elevated temperatures [11-13]. These hydrocarbons, as our calorimetric measurements have revealed, have much 
higher wetting heats on aluminum oxide. 
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Until very recently the effects of acidity on the yields of radiochemical reactions were explained qualitatively 
by postulating a very fast equilibrium of the type: 


Ka 
H+ Hts; H+. (a) 


The concentration of products would then depend entirely on this equilibrium and remain independent of other reac- 
tions in which the products might be eliminated. Hence a plot of Gconver, against pH ought to pass through a certain 
region below which hydrogen atoms react as H} and above which they react as free H-atoms, At pH's close to pKg 
one should observe an abrupt change in the yields. And indeed this effect has been observed by several workers [1-4], 
but solutions of different ions yielded values of pKa ranging from 0 to 3* which is incompatible with the postulated 
mechanism, This mechanism also fails to provide an explanation for the observed relationship between the yield and 
the acceptor concentration which as a rule differs very little numerically from the relationship between Gconver. 
and pH, 


These difficulties have led several workers to postulate reactions involving negative and positive water ions 
in order to explain the observed phenomena, 


Yet all of these difficulties can be eliminated if one assumes that the acceptor competes with H* ions for the 
H-atoms: 


Kp 
H + Ac—> products, 


(b) 


and with the dissociation of Hj: 
Ke 
HS + Ac—+ products. (c) 


Consequently equilibrium (a) would be disturbed by the superposition of reactions in which radicals and ion- 
radicals react with the acceptors, It is quite obvious that such a mechanism could explain, qualitatively at least, 
why in different systems the dependence of yield on the pH of solution and on the concentration of acceptors is dif- 
ferent. This mechanism is quite useful if one has to consider the effect of the solution pH in any quantitative treat- 
ment of the oxidation and reduction kinetics in a solution of Fe?* and Fe®* ions saturated with H, under pressure. 
This particular system is extremely sensitive to changes in the pH of the solution and concentration of solute and 
provides means for a comparison with earlier data [6]. We have therefore measured the extent of oxidation of Fe** 
when a solution containing both Fe** and Fe*** ions and saturated with Hy under pressure is exposed to y -rays from 
Co™ at various pH. We have also made an attempt to apply this mechanism in explaining the relationships between 
Geonver, 2nd pH obtained by several other workers [1-4]. 


* Allan and Scholes [5] report a pKa ~ 5 in the radiolysis of isopropyl alcohol. We have not included this result in 
our present discussion, since the authors did not present any basic radiolysis mechanism and thus made any quantita- 
tive treatment of their experimental data impossible. 
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The glass cell and the procedure for saturating the solutions with hydrogen have been described elsewhere [7]. 
The solutions were made by dissolving chemically pure reagents in twice-distilled water. The perchlorate solutions 
were prepared by dissolving spectroscopically pure iron in eh, and diluting the standard —— to the — 
concentration. The intensity of the y -radiation from the Co™ source was ~ 1.75 x 10% ev/cm® « sec. The Fe®* ion 
concentration was determined spectrophotometrically by forming first the o-phenanthroline complex. 


The effect of H* concentration on the oxidation yield is shown in the table. 


The Effectof Concentration On G(Fe?*) [Fe**} 1073 M; 
[Fe?*] 107° M; Py, = 100 atm. 


Conc, HSO,4, moles/liter 0.4 0.14 0.029 0.005 
G(Fe**), moles/100 ev. 6.5 2.9 0 -4 ee 
Conc. HC1O,4, moles/liter. 0.5 0.2 0.045 107? 
G(Fe**), moles/100 ev. 1-19 -4 


The yields were determined in solutions of sulfuric and perchloric acids, The initial concentrations did not change 
by more than 10%, The decrease in the oxidation yield at higher pH is caused by the two competing reactions: 


H+ Ht yt; 


(D 


Ry 
H+ “$ H+ + (i) 


Assuming that the initial yield of Fe** in the given system depends on reactions (I) and (II), as well as on: 


Hat + Fett Hy (111) 


Ht “$ H+ HY; (Vv) 
Fe + H,0, “$ + OH- OH; 
Fe’ + OH “$ + OH-; 


H;-++-OH “3 +H, 


we will get the equation 


ky [H*] 
+ (14 = 
21G y+ (Gon -+ Gy,0,) / &e [Fe?*] / 2a 
Gut 26n,0,— 6 (Fe*) = A—G (Fe*)" (1) 


The expression on the right hand side of the equation should be a linear function of the ratio [H*}/ [Fe**}. A 
graphical solution of Equation (1) based on the data given in the table is presented in Fig. 1. For the sake of compari- 
son we have also included a graphical solution of Equation (1) using the data reported in [6] for the relationship be- 


tween G(Fe®’) and [Fe**] in 0.8 N H2SO4. The agreement between the two sets of data is quite obvious indicating 
that the postulated mechanism is correct. 


It is known that in HySOy, solutions the Fe*+ exists in the form of complexes which are probably less reactive 
[8] than free Fe®* ions. ey have therefore determined the effect of Aes on the yields in perchloric acid solutions 


(the table), in which Fe** exists as a free hydrated ion or as FEOH 4g, Using the results presented in Fig. 1 we can 
determine the true value of k;/k, = 2.8 x wo, 


We will now “7 to extend the mechanism in which reactions of H and Hy with the acceptors interfere with the 
_equilibrium H* + H 2 Hg to other systems where the radiolysis yield has been found to depend strongly - the pH. 
“* Com} Comparing the results obtained in solutions of — and perchloric acids we find that the effective Fe** ion con- 


centration in sulfuric acid is ~ 27% of the total [Fe** ]concentration and is practically independent of the H,SO, con- 
centration. 
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COOH) 


oa 
ob 
0 


Fig. 1. A graphical solution of Equation (1) 
based on the data given in the table. a) HySO, of pH in a 0.1 M solution of monochioro- 
solutions; b) HC1O, solutions; c) graphical solu- é 
acetic acid; b) same ina 1 M solution; 

tion of Equation (1) using the data given in [6] 

3 34+ c) data showing the effect of monochloro- 
on [Fe**) in acetic acid concentration at pH = 1 
H,SO, solutions, 


iH’ Vite) be Fig. 2. A graphical solution of Equation (2) 
based on the experimental data of Hayon 
and Weiss [1]. a) Data showing the effect 


Such a dependence was observed by Hayon and Weiss in the radiolysis of monochloroacetic acid solutions. They also 
found that the yield of the radiolysis products Hz and HCl depends on the concentration of the monochloroacetic acid. 
The mechanism postulated by the two workers involved reaction (I) as well as the three reactions shown below: 
11 + CICH.COOH “$ H, CICHCOOH; (VIII) 
H CICH,COOH “3 HCI-+-CH,COOH; (IX) 
H* CICH,COOH Hz +-CICHCOOH Ht. (X) 


Combining the individual kinetic equations we get the expression 


hy (Ha) — Gy, 
“hy 4 ko [(CH,CICOOH] + Gy, — G (He) @) 


The right hand side of this equation should be a linear function of the ratio [H* ]/[CH,C1ICOOH]}. A graphical 
solution of Equation (2) based on the experimental data given in [1] is shown in Fig. 2. The slope of the line yields 
k,/kg ~ 2.1 while the intercept on the ordinate yields kg/kg ~ 0.25. 


Dainton, Peterson and Sills found that the radiolytic oxidation of Fe”* and the photochemical oxidation of 
I” strongly depend on pH when solutions of these ions are saturated wth N,O. 


G(Fe**) depends on reactions (I) and (III)-(IV) as well as on 
N,O -+ H Nz -+ OH; 


NO + HS No Ht OH, 


the photochemical oxidation of I” involves reactions (I), (IV), (XI), and (XII), as well as 


+I- 


Hi 4-1- Hy 41. 


The equation shown below holds for either reaction, 


(3) 


For the case of radiolysis of Fe?* solutions Q(N»)/Q(Hg) = G(N»)/ [G(H2) — KcfAc] = kg [Fe?*] and k4/kg = 
= 1.5 10°“ moles/liter. For the photolysis of I” Q(N,)/ = (Nz)/@ (Hy), Ke [Ac] = [I] and kg/ky4 = 0.1 
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+ 0,02 mole/liter [9]. Reaction (XII) can be neglected in comparison with reactions (III) and (XIV). 


A graphical solution of Equation (3) based on the experimental data of [2,3] is given in Fig. 3. The slopes 


yield very similar values of Ky;/Ky: ~ 0.6 and ~ 0.9. Intercepts with the ordinate yield Kg/Ky2 = 5 - 107? and K y4/ 
/Ky» = 19. 


1 1 


10 2 


, Fig. 4. A graphical solution of 

= Equation (4) based on the data 

reported by Hayon and Weiss 

[4]. 
Fig. 3. A graphical solution of Equation ; 
W t 

(3) based on the experimental data of The results of Hayon and Weiss indicate that the photolysis 


A - 
Dainton, Peterson, and Sills: A) radiolysis pe ae in solutions containing acrylic acid (Ak) involves the re 
of ferous ions [2]; B) photolysis of iodide ‘ 


ions [3]; (Fe2+H,0) (Fe*+H,0-) Fe+ +. OH- + H; (XV) 
AKH + Fe™ “Ak 4 Fe HY, (XVID) 


and reactions (I) and (II). For this sequence we can write the equation 


1 + [AK [H*] = (Fe*')/g (Fe*'), 


expressing the dependence of yield on the pH. (Fe**) is the quantum yield of Fe** from reaction (XV), while 
(Fe**) is the total observed quantum yield, A graphical solution of Equation (4) based on the experimental data 
in [4] is given in Fig. 4. The slope yields Kyg/K, ~ 2. 


(4) 


All these results clearly point to the general nature of the postulated radiolysis mechanism in which the equili- 
brium H + H+ - Hj is disturbed by competing reactions, since it explains satisfactorily the effect of pH on the reac- 
tion yields in various systems. The mechanism does not require that we invoke reactions involving hydrated electrons 
or positively charged water molecules, since these, in dilute solutions at least, would probably dissociate long before 
they would have a chance to react with the solute. This conclusion is further supported by the fact that the mechan- 


ism also holds in photochemical reactions where the formation of free electrons and positively charged water mole- 
cules is excluded, 
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The present paper, which is a continuation of the study [1], contains new data on the direct determination of 
the specific heat cy of water and steam at high temperatures (up to 500°) and high pressures (up to 800 atm). In the 
determination of cy we used the previous procedure, but, unlike those in the study [1], all measurements were done 
under continuous and intensive stirring not only of the liquid studied in the calorimeter but also the liquid used in the 
thermostat. 


' 


— 


Fig. 1. Scheme of the calorimeter. 


We have taken special precautions to eliminate the conduction of heat along the supply lines to the protective 
capillary. In spite of the high working pressures attaining 1000 atm, the water equivalent of the calorimeter did not 
exceed one fifth of the mean amount of heat supplied in one measurement; this was achieved by decreasing the 
wall thickness of the calorimeter to 1.5 mm, which is quite permissible thanks to the natural transmission of part of 
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the pressure to the outer jacket (see Fig. 1). All these measures were taken to obtain more reliable data. Although 
by this many results of the previous study were duplicated, we have also got data showing deviations, mainly, giving 
lower values. For the check isochore v = 1.235 cm*/g the lowering attained 5%, for the isochores with a greater 

specific volume this deviation was still somewhat greater. 
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Fig..2. The specific heat cy as a function of temperature in the two-phase and 
one-phase regions for the isochores: v, = 1.012 cm*/g; v2 = 1.043 cm®/g; vg = 
= 1,091 cm*/g; v4 = 1.156 cm®/g. 


In Fig. 2 data on the specific heat cy are given for four isochores (the isochores of the specific volumes v, and 
Vg contain data on the specific heat cy in the liquid phase from 1 to 800 atm), As is evident from Fig. 2, beyond the 
transition from the two-phase to the one-phase region for all specific volumes: vj, V2, Vg and v4 the specific heat 

Cy falls, when the temperature and the pressure are raised. The slope of the specific heat as a function of tempera - 
ture is greater for the specific volume v, than for the specific volume vg. 


In Fig. 3 the specific heat cy beyond the transition from the 


cal/g - degree two-phase to the one-phase region for the isochores vs, vg and vy is 


15 “7 shown, For these isochores too beyond the transition the specific 
44} { heat cy drops, when the temperature and the pressure are raised, For 
13+ all seven isochores measured the slope of the specific heat cy versus 
124 a“ temperature decreases, when the specific volume is increased. 
Reet In Fig. 4 the specific heat is plotted as a function of tempera - 
™ 40 H ; ture for the isochores mentioned above and, moreover, for the iso- 
09 chores vg (2.7 cm®/g) and vg (3.23 cm*/g), For the latter two iso- 
08 i bs | Us | Uy chores at the transition from the two-phase to the one-phase region 


the specific heat c, changes smoothly but sharply. This proves the 


Q7 255 268 300 305 B10 
250 255 26 — 310 315 350 355 °C existence of a critical region, since, unlike the transitions before 


i ; the critical region where the specific heats before and beyond the 
Fig. 3. The specific heat cy as a function 
5 : transition give separate almost straight lines (Figs. 2 and 3), in the 
of temperature in the two-phase and one- 
; ; critical region the curves of the specific heats c, at the transition 
phase regions for the isochores: vg = 1.251 


from the two-phase to the one-phase region have a characteristic 

cm*/g; em*/g; cm*/g. curvature equilibrium in the critical and ad- 
jacent isochores is characterized by the drawn smooth curve (Fig. 

4, vg and vg). This particularity is so characteristic that all precautions taken to eliminate this effect as a trivial 
one did not give the results expected; the effect accompanied all measurements in this region and thereby proved 
definitely the existence of a critical state. The shape of this part in the curves of the specific heat cy versus temper- 
ature, in all probability, is a result of a residual microhomogeneity in the system, which has the tendency to de- 
crease rapidly at increasing temperature and meanwhile absorbs some additional energy for the further reduction of 
the microscopic droplets. Because of this, the system will have some additional heat capacity as long as this process 
has not been completed, that is, up to the formation of a completely homogeneous phase. 


By starting from the theory of V. K. Semechenko [2] we have previously [1] determined the critical specific 
volume vcr = Vg = 3.23 cm*/g, 


In the present paper the critical temperature was determined graphically, In the curve of cy versus tempera - 
ture along the critical isochore there is a region where the heat capacity falls almost vertically and another region 
(beyond the transition to a homogeneous phase) where the heat capacity cy is a linear function of temperature; these 
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two regions are separated by the curved part. The linear extrapolations of the regions mentioned intersect in the 
point, the temperature of which was Tg, = 374.34°; this value was taken as the critical temperature. 


From the lower curve in Fig. 4 it is evident that the specific heat along the boundary curve at the liquid side 
drops from 0,975 to 0,752 cal/ g-deg, when the specific volume is raised from v, to vq; for the former the transition 
occurs at T, = 50° and for the latter at Tz = 350°. Beyond the minimum at 350° the specific heat cy along the boundary 
curve at the liquid side sharply increases, when the temperature and the pressure are raised up to the critical point 
where the specific heat attains the maximum cy = 1.69 cal/g-deg. 
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Fig. 4. The specific heat cy along the boundary curves of the two-phase and one- 
phase regions plotted as a function of temperature: vy to vz denote the same iso- 
chores as are shown in Figs. 2 and 3; vg = 2.7 cm®/g; va = 3.23 cm*/g. 


Two-phase region One-phase region 


cy, cal/g: degree cy, cal/g+ degree 


. 
| deviation, deviation, 
| exp. calc, exp. calc, 


50 1,000 0,9986 0,15 0,975 0,963 1,24 
100 1,008 1,0065 0,15 0,930 0,900 3,3 
150 1,036 1,0268 0,8 0,885 0,840 5,3 
200 1,079 1,0628 . 0,58 0,837 0,782 5,8 
250 1,132 1,1223 0,8 0,800 0,755 5,9 
300 1,240 1, 2393 0,72 0,760 0,721 5,4 
340 1,467 1,418 3,4 0,754 0,704 Py 


From the upper curve in Fig. 4, which shows the specific heat as a function of temperature in the two-phase 
region and in the one-phase region close to the boundary curve, it is evident that, when the specific volume and the 
transition temperature are increased, the specific heat increases up to the critical point, while the slope strongly 
rises at temperatures above 350°, 


In the table the experimental values of the specific heat c, in the two-phase region and in the one-phase 
regions close to the boundary curve are compared with calculated ones [3]. From this table it is evident that in the 
two-phase region up to a transition temperature of 300° the deviation between the experimental and calculated data 
does not exceed 0.8%, but that at a transition temperature of 340° it attains 3.4%, In the one-phase region close to 
the boundary curve the deviation between the experimental and calculated data is 1.24% at the transition tempera- 
ture of 50° and, when the temperature is raised, it increases to 7.7% at the transition temperature of 340°, 


From the comparison of our experimental results with the calculated values it may be concluded that in the 
two-phase region above 300° a calculation of cy from calorimetric and thermal data and from the values of their 
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derivatives leads to considerable errors and that in the one-phase region close to the boundary curve the determina- 
tion of c, by calculation is quite unreliable. 
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Previously, experiments have been carried out in our laboratory in order to elucidate the ability of water bonded 
to the surface of microporous glass (a silicic acid gel) to reduce methylene blue [1]. Photodiscoloration and the reverse 
phenomenon, namely, coloration at the admission of oxygen, were observed in vacuum. The former was interpreted 

as the photoreduction of the dye by water molecules of hydroxyl] (silanol) groups on the surface; the presence and the 
properties of these groups have been revealed in our laboratory by means of the infrared absorption spectra [2]. 


In the present study these experiments were repeated under 
other conditions in order to obtain more reliable data on the photo- 


100 WAN reduction. In our investigations methylene blue and other thiazine 
/ \ dyes were adsorbed on weakly scattéring aqueous sols of silicic 
075 be = acid and this enabled us to obtain absorption spectra of the adsorb- 
A\ ate not only in the visible but also in the ultraviolet region. 
{989 ne J Sols were prepared in two ways: 1) By hydrolyzing the tetra- 
i) q ethyl ester of silicic acid and 2) by the reaction between sodium 
Qzs = YQ silicate and hydrochloric acid followed by an electrodialysis of 
the sol [3]. To determine the silica concentration of the sol a 
° 500 550 600 650 700 mu known volume was dried by evaporation; the dry residue was heat- 
aes ed at 500° and weighed. We used sols with concentrations between 
Fig. 1. Effect of the sol on the dimerization 8 and 0.5 g/liter. In all cases the sols were neutral. 
of dyes. 1) Absorption spectrum of an aqueous ; , : 
solution of methylene blue (5 + 1075 mole/ The sol was mixed in a fixed proportion with an aqueous 
/liter); 2) this same spectrum in the presence thiazine dye solution ave known concentration, By the fact that 
of the sol (1.8 g/liter), the positions of the maxima both for the monomer (665 my) and 


for the dimer (610 my) in the spectrum of the dye adsorbed on 

the sol coincide with the positions of the corresponding maxima 
for the solution of the dye in water it is indicated that the adsorbed dye molecule is not exposed to strong perturba- 
tions. It is evident from Fig. 1 that the dimerization of methylene blue is raised considerably by the addition of the 
sol (The maximum corresponding to absorption by the dimer is raised, whereas the maximum of the monomer is 
decreased). Coagulation of the sol, as sets in by a cooling or ageing of the sol, enhances the aggregation of the dye. 
The absorption spectra of aqueous solutions of azure I and thionine are changed considerably less by the addition of 
the sol. 


To carry out the photochemical reaction we used a planparallel outgassable cell made from uviol glass. Beforé 
the experiment the colored sol was poured into a spherical side piece in order to pump off the air. It was pumped off 
without cooling, since by cooling the sol would coagulate, It was established that the rate of photodiscoloration 
changed little, if we switched from pumping by means of a diffusion pump to pumping by means of a water jet. In 
vacuum the solution freed of air was transferred to the cell in which the absorption spectra were measured, For meas- 
urements in the visible region we used the spectrophotometer SF-4 and the recording spectrophotometer SF-2M, for 
those in the ultraviolet the spectrophotometer SF-4, The illumination was carried out by the focused light of a 500 w 
bulb through a water filter and light filters; the latter shut out wave lengths shorter than 600 mp (in the case of 
methylene blue or azure I) or those shorter than 550 my (in the case of thionine). The energy absorbed by the solu- 
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Fig. 2. Effect of illumination on the absorption spectra of aqueous dye 
solutions in the presence of sol. a) Methylene blue; b) azure I and c) 
thionine. Curves 1,2,3 correspond to absorption spectra taken before the 
illumination, after the illumination and one hour after air had been 
admitted to the cuvet. Curve 4 shows the absorption spectrum of methyl- 
ene blue after four cycli of illumination in vacuum and admission of 

air in the dark, 


tion, when the cell is situated in the focus of the bulb, was 0.36 w for methylene blue and 0.21 w for thionine in the 
usually taken dye concentration 5 mole/liter. 


In Fig. 2 it is shown how the absorption spectra of solutions of methylene blue, azure I and thionine change by 
an illumination, when the sol is present. Already by illumination lasting five minutes the absorption band of methyl- 
ene blue is decreased considerably both in the visible and in the ultraviolet region. The discoloration is accompanied 
by the appearance of an absorption band with a maximum at 255 mu; this new band corresponds to the leucocompound 
of methylene blue and confirms definitely the photoreduction of the dye [4]. After air has been admitted to the cell 
with the decolorized solution, the color comes back, but the absorption band is found to be shifted to the side of 
shorter wave lengths, just as was the case in the experiments with microporous glass [1]. The new position of the maxi- 
mum coincides with the maximum in the absorption band of the azure I dye shown in Fig. 2b. In the presence of the 
sol the solution of azure is considerably less photosensitive than the solution of methylene blue and only after an il- 
lumination lasting 30-40 min changes in the spectrum become noticeable. After this time a partial discoloration is 
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observed, the maximum is shifted to the side of shorter wave lengths and in the ultraviolet the absorption band of 
the leucocompound makes its appearance. The product of the regeneration after the admission of air has a spectrum 
coinciding with the absorption spectrum of thionine (Fig. 2c), The thionine solution with added sol is insensitive to 

illumination, The small discoloration, as is observed as the result of an illumination lasting many hours, is irreversi- 
ble and is not accompanied by a shift of the absorption band. 


When illumination of a methylene blue solution with added sol in vacuum to complete discoloration and re- 
generation by admission of air are repeated many times, one observes a height of the maximum. The final product 
of such a treatment has a spectrum lying between the spectra of azure I and thionine (Fig. 2a, curve 4). 


When a small amount of acid is added to the solution of dye and sol, the spectrum of the former does not 
change and its sensitivity to light drops sharply. Already at a pH 5 for complete discoloration about 1.5-2 hr are re- 
quired, instead of the 10-15 min needed in the case of a neutral solution, At a lower pH the solution is practically 
insensitive to illumination, 


The leucocompound of methylene blue formed by the photoreduction in the presence of the sol has the same 
ability to reduce inorganic oxidants (for instance, Fe’* ions) as is shown by the leucocompound obtained under homo- 
geneous conditions [5], When in the outgassed system a few droplets of an aqueous solution of ferric chloride and o- 
phenanthroline are added to a solution discolorized by illumination and containing sol, one observes the appearance 
of a violet color resulting from the regeneration of methylene blue together with the simultaneous appearance of 

the red color of the Fe(Phen)§* ion, Just as is also found in the oxidation of the leucocompound by oxygen, the ab- 
sorption maximum of the dye is shifted to shorter wave lengths, when the color is regenerated. 


It should be noted that the reduction of Fe** ions by the leucocompound entirely takes place on the surface of 
the sol and not in the liquid phase, By carrying out the same reaction on powdered silicagel it has been shown that 
the amount of Fe?* in solution (after the powder had been separated by centrifuging) was neglegibly small compared 
with the amount adsorbed by the silicagel surface). 


In the previous paper [1] the fact that the product formed by the photoreduction of methylene blue has an ab- 
sorption maximum coinciding accidentally with that of the dimer of the dye was ascribed to dimerization taking 
place, since the adsorbate is heated by the absorption of light. But a rise in temperature, on the contrary, would op- 
pose to the dimerization of the dye [6,7]. Under our conditions no change whatever was found in the absorption 
spectrum, when the solution with methylene blue regenerated on the sol was heated to 70°, The change in the spec- 


trum observed after the regeneration was completely irreversible and, consequently, it cannot be ascribed to dimeriza- 
tion of the dye. 


This is also confirmed by the spectra shown, Curve 2 in Fig. 2a has a well developed shoulder on the short 
wave side of the band in the visible region and this is characteristic for the absorption spectra of dye monomers. 
Moreover, the absorption spectra of both methylene blue and other dye dimers have more or less developed secondary 
maxima on the long wave side of the said band [7,8]. The fact that the ultraviolet absorption band of the regenera - 
ted dye shows a shift with respect to the original band also attracts attention. In the case of dimerization no change 
whatever occurs in the ultraviolet region of the absorption spectrum for methylene blue [9]. 


So, by the oxidation of the leucocompounds of thiazine dyes adsorbed on aqueous sols or microporous glass a 
new dye and not the dimer of the original one is formed, The fact that the absorption spectra of the photoreduction 
product from methylene blue coincides with the spectrum of azure I and, correspondingly, the absorption spectrum 
of the photoproduct from azure I matches the thionine spectrum enables us to propose that simultaneously to the 
formation of the leucocompound there takes place demethylation of the thiazine dyes. In fact, azure I and thionine 
only differ from methylene blue by the successive replacement of one or two N(CHs)2 groups by NH. 


For those same thiazine dyes adsorbed on polyacrylic and methacrylic acid Wotherspoon and Oster previously 
[10] observed a similar phenomenon, albeit without formation of the leucocompound. In our case the formation of 
the leucocompound is closely connected to the demethylation. It may be assumed that an adsorptive bond is formed 
between OH groups in the silica surface and the dye and that both the nitrogen atom in the ring and that of the auxo- 
chromic N(CHsg), groups participate. It is evident that photoreduction of methylene blue or azure I by hydrogen 
atoms from OH groups of silica should be accompanied by a replacement of methyl groups in the dye by hydrogen 
atoms and effect the methylation of OH groups in the surface; this is a reaction, which has been thoroughly studied 
for solid silicagel under other conditions [11]. Since a thionine molecule has no methyl groups and is not able to 
effect this exchange, the leucocompound is not formed. 
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The fact that the photoreduction of methylene blue and azure I goes to completeness gives reason to suppose 
that under our conditions all dye molecules are inthe adsorbed state. The suppression of the photoreduction by an 
acid, as we have observed, probably results from the disturbance of the adsorptive interaction, 


The authors express their sincere gratitude to Academician A. N. Terenin at whose suggestion and under whose 
supervision this study has been carried out, 
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For leucobases of several triphenylmethane dyes on ketonic solutions we have established [1] the occurrence 
of oxidation by the action of ionizing irradiations without participation of molecular oxygen and effected by the 
radiolysis products of the organic solvent. Later, this investigation was extended to other organic solvents, while the 
reversible redox system methylene blue (MB)-its leucobase (LMB) was used as an indicator for the oxidation—reduc- 
tion reaction; the behavior of this system under irradiation has been studied repeatedly in aqueous solutions [2-4]. 

In the present communication we give results, which prove that, dependent upon the organic solvent and the kind 

of irradiation, either oxidation of LMB or reduction of MB may take place. 
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Fig. 1. The radiative oxi- Fig. 2. The reversibility of the radiative MB discoloration. 
dative oxidation yield of 1) in formamide; 2) in N-methylformamide; 3) in N,N- 
MB from LMB plotted versus dimethylformamide. The drawn lines represent irradiation 
the concentration in: 1) in a nitrogen atmosphere, the dashed ones give the change 
acetone; 2) nitromethane; in concentration found when shutting off irradiation has been 
3) methanol; 4) ethanol. shut off and oxygen has been admitted (horizontal scale: 


0.5 cm = 10 min). 


We have studied the action of irradiation on 107-107! M solutions of LMB and MB in acetone, nitromethane, 
methanol, ethanol, n-propanol, n-butanol, formamide, pyridine, N-methylformamide and N, N-dimethylformamide. 
All solvents were purified carefully: MB was recrystallized several times from water and ethanol. Colorless solutions 
of LMb were prepared by reducing MB by means of hydrogen in the presence of Pd-black directly in the solvent to 
be investigated, then driving out the hydrogen by nitrogen and separating the LMB solution from the catalyst while 
avoiding contact with air. Under these conditions in all solvents investigated MB is reduced reversibly to LMB. The 
solutions sealed in a nitrogen atmosphere were exposed to the action of x rays and gammaraysat dose intensities 
from 2.8 + 10" to 5 - 10’ ev/cm® sec and then the spectrum was taken photometrically in the same ampoule, The 
details of the procedure will be given elsewhere, 
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Oxidation of LMB. When colorless solutions of LMB in acetone, nitromethane or methanol are irradiated, they 
become colored. The comparison of the absorption spectrum of the radiolysis product and the MB spectrum in the 
corresponding soivent shows that under the action of irradiation LMB is oxidized to MB. The linear increase of the MB 


concentration with the dose, as was found in the region up to 5000-7000 rad in all cases studied, enabled us to calcul- 
ate the radiative reaction yield. 


In Fig. 1 for four solvents the yield in the radiative oxidation of LMB to MB is plotted versus the LMB concentra- 
tion. In nitromethane and methanol it is found that, at first, the yield increases with rising concentrations, then in the 
range between ~ 10-5 and ~ 10°? M the yield does not depend upon the concentration and, finally, the yield rises 
again; in acetone the yield is considerably higher and does not become constant before C ~ 10~? M. In the case of 
ethanol, which is included in the comparison, there is practically no oxidation at concentrations below ~ 10-'M, 


Reduction of MB, Solutions of MB in organic solvents saturated with nitrogen when irradiated are always dis- 
colored to a more or less extent, but, not in all cases, the discoloration is only caused by the reduction of MB to 


LMB,. Complete regeneration of the original color intensity by admission of air to the solution is the criterion for the 
only occurrence of the latter reactions, 


Curves corresponding to irradiation in a nitrogen atmosphere and to shutting of the irradiation and admitting 
oxygen are given in Fig. 2; they illustrate the three possibilities: completely reversible reduction to LMB (as occurs 
in formamide), partial reduction to LMB and partially irreversible discoloration (as occurs in N-methylformamide 
and completely irreversible reduction (as occurs in N,N-dimethylformamide), The initial parts of the curves are 
linear and their slope, which corresponds to the yield of the radiative reaction, depends upon the original concentra - 
tion of the dye. In Fig. 3 the yield of the reversible reduction is plotted versus the MB concentration in several sol- 
vents. The shape of the plot is analogous to that found in the oxidation of LMB and MB, but the curves break off 
earlier, since in solutions with. higher concentrations measurements are impossible because of the high optical density. 


In Figs. 1 and 3 it is demonstrated which influence the functional 
groups in the organic solvent molecules have on the reaction considered: in 
nitromethane there is only oxidation of LMB, in methanol oxidation of LMB 
and reduction of MB are on a par and in aliphatic normal alcohols beginning 
with ethanol, in formamide and in pyridine only reversible reduction of MB 
to LMB occurs. Up to the concentration ~ 10-? M the direct effect of irradia- 
tion on the dissolved substance can be neglected and all reactions are deter- 


mined by the interaction between the acceptor and the radiolysis products 
of the solvent. 


In the organic liquids studied various molecular products are formed 
by the action of irradiation. By special experiments it has been established 
that, although in many cases these products (HNO,, HCHO, CHsCHO etc.) 
are oxidizing or reducing agents for the acceptor, during the irradiation 
time used in our experiments their role is neglegibly small and the reac- 
tions observed are effected only by radiolysis products with a short life. 


The general shape of the relation between the yield and the concentra- 
tion, as is shown in Figs. 1 and 3 by the curves with their characteristic plat- 
form in the 1074 -10-? M concentration range, is well known in the radiation 
chemistry of aqueous solutions where it is interpreted by assuming competi- 
tion of the mutual reactions between the various radiolysis products and re- 
actions between these products and the acceptor. The platform corresponds 
to a complete exhaustion of the acceptor available for a certain radical re- 
action and the rise in yield found further on is explained by the appearance 
of a new process. The conjecture urges itself that in organic solvents the 
oxidation and reduction are brought about in diluted solutions of the primary 
radical radiolysis products of the solvent, while the direction and the effect- 
ivity of the reactions depends upon the nature of the radicals and their yield. 


Fig. 3. The radiative reduction yield 
of MB to LMB plotted versus the con- 
centration. 1) Methanol; 2) ethanol; 
3) n-propanol; 4) butanol; 5) form- 
amide; 6) N-methylformamide; 7) 
pyridine. 


The redox system MB-LMB used corresponds to a two-stage transition. In radiative conversions participation 
of the primary radicals in the steps beyond the first one of a multistage transition is quite improbable. Therefore, it 
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may be assumed that in the system considered the primary radicals only effect a one-stage transition from LMB or 
MB to the intermediary semiquinone and the final products are formed by a disproportionation according to the 

scheme A w> R,R+ (L or M) +S and 2S > M + L, where A represents the solvent, S the semiquinone, M the dye and L 
the leucocompound, just as occurs in nonradiative oxidations and reductions of this type [5]. 


Solvent G Rox) G(Rred) Solvent G(RoxV | 


Nitromethane 4,0+0,3 0 n-Butanol 0 4,4+0,2 
Methanol 3,6+0,2 | 2,8+0,2 | Formamide 0 6,0+0,4 
Ethanol 0 7,0+0,2 | N-methylformamide| 0 4,8+0,2 
n-Propanol 0 6,4+0,4 || Pyridine 0 1,2+0,2 


The yields of primary radicals having oxidative or reductive properties with respect to the system used may be 
estimated from the yields of MB and LMB formation in the range where these yields are independent of the acceptor 
concentration. Below we give the corresponding values obtained in the radiolysis of the solvents investigated. 


The results obtained with acetone are not included in the table. The very high values of the yield limit for 
MB (G ~ 18) and the concentration at which the limit is attained (C ~ 10-? M) make it quite improbable that the 
oxidation in this case has a pure radical mechanism. It is possible that the reaction is partly effected by excited ace- 
tone molecules, This problem requires a further study. In all other cases the yields remain within the range to be 
expected for radicals originating from ionization. 


Radicals formed in the radiolysis of a given solvent may accomplish various functions with respect to a different 
acceptor. So, for example, in the case of methanol we got for the radicals reducing MB or oxidizing LMB the values 
G (Rred) = 2.8 and G (Rox) = 3.6, respectively, But the yield of Fell reductioninthe radiolysis in neutral methanolic 
solutions, according to data of Adams and Baxendale [6], is equal to G (Fell) = G (Rred) = 6.1, that is, close to the 
summed yields of the oxidizing and reducing radicals in the MB-LMB system. It is evident that just the same radicals, 
according to the authors mentioned, mainly CH,OH and CHsg, are able to reduce Felll and to oxidize LMB. The study 
of reactions in which the free radicals formed by the radiolysis of organic compounds interact with different acceptors 
therefore, gives information on their tendency to accept or donate electrons under various conditions, To get such 
characteristics it is necessary to identify the effective radicals in each actual case; this can be done by combining 
the conclusions drawn from kinetic studies with data obtained by means of electron paramagnetic resonance. 
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In order to clarify the role of OH radicals in the radiolytic reduction of the nitrateion in alkaline solutions we 
have investigated the kinetics of HJO, and O2 accumulation; as one may imagine, the latter molecules are formed 


by dimerization and disproportionation of the free hydroxy radical [1], which is the oxiding component in the radio- 
lysis of water. 


We have irradiated solutions prepared from chem, p. reagents and doubly distilled water; the sodium nitrate 
used had been recrystallized two times. As radiation source we applied radioactive Co® preparations with a dose 
intensity 20-750 rad/sec in the volume irradiated. 


The analysis of the radiolysis products (nitrite ion, HyO2, O2 and Hg) was done by well-known methods [2-4], 


while the nitrite ions, hydrogen peroxide and the gaseous radiolysis products were determined with an accuracy of 
2%, 10% and 3%, respectively. 


The main results obtained in the present study on the kinetics of the HO, and O, accumulation in solutions 
are given in Table 1. This table contains the results of experiments in which one-molar alkaline (1 M NaOH) solu- 
tions of sodium nitrate were irradiated, whereas the analysis of the gaseous products was done both in the alkaline 


and in the acidified solutions, but the analysis of hydrogen peroxide was only carried out after the solution had been 
brought to a pH ~ 5. 


TABLE 1 The solutions were acidified to the required pH either instantane- 
: ously when irradiation was stopped or some time after this stopping. The 


= time at which after acidification of the solution samples were taken for 
' - the analysis of the nitrite ion was also varied, It was detected that, 

= art | 11 8 | 5 | a 2.7| 9,4 When strongly alkaline (1 M NaOH) solutions of sodium nitrate were ir- 
JJ sradiated, the amount of hydrogen peroxide found, when an analysis was 
Guo, — |0,3/0,1/0,1/0,1/0,1/0,1 done immediately after irradiation had been stopped and the solution had 
oO 0,8 |0,6]0,8|0,7/1,2|1,2/0,8 been acidified to a pH of about 5, corresponded to a yield ~ 2.2, whereas 

Gone 0 |3,9) 3,5) 3,7) 4,1)3,8/5,3 in the alkaline solutions themselves no was detected. The sum of 

3,2 |6,9) 6,9) 6,7) 9,1) 8,8)8,7 the conversion yields of the reducing (H radicals) radiolysis components 


° eer was 9,2 equiv./100 ev for the alkaline solution, but, as is evident from 
OH for nitrate oxidation. adie ‘ 

Table 1, the yield of oxidizing components is much smaller. When the 

nitrate ion content of the solution is raised by 2-5 times and the condi- 
tions of the irradiation and the analysis are kept constant, the balances of Gop and Gy; disagree by approximately 
50%, It turned out that insolutions acidified (to a pH 7.74-2) after an irradiation the concentration of the nitrite ion 
is smaller than that in the solutions before they were acidified. In this case at pH ~ 2-3 the balances on the con- 
version products of the H” and OH radicals are found to agree, if it is assumed that the loss of nitrite in solutions of 
this acidity is connected with the reaction between nitrite and the products formed from the oxidizing component. 
Under the acidification conditions mentioned both Gy,0, and Go, stay constant, independent of the pH in the solu- 
tion analyzed. Possibly, the relatively high HO, content (GH,0, = 2.2) found, when in the solution acidified instan- 
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taneously (rapidly) to a pH of about 5 we analyzed H,Og, on the one hand, and the loss of nitrite ions in solutions 
acidified to pH 2-1.14, on the other hand, have one and the same cause, Hence one may draw the conclusion that, 
when strongly alkaline solutions are irradiated, the OH radicals, which undergo some conversions in the presence of 
nitrate ions, are able to subsist a certain time and, under certain conditions, they influence the yield of the final 
products. 


In the literature there are indications that compounds of the peroxide type, formed in the reaction between 
the primary radical products from water and anions (NOs, SO{, Cr,0}", MnO, ) of oxygen containing acids, may 
participate in radiolytic reactions, So, for instance, the increased “yield of water decomposition” in an acidic med- 
ium (0.8 N H,SO,), when compared to the yield in a neutral medium [5], is ascribed to the fact that by SO,” ions 
there are withdrawn OH radicals from the reversible oxidation of Hz and Hy». Moreover, it has been reported that 
in nitric acid irradiated by accelerated electrons there is formed an unstable compound, which decomposes with the 
half-life period characteristic for a peroxidic compound [6]. It has been proposed that in the radiolysis of potassium 
bichromate to a compound of the peroxide type is formed, which is stable during a long time [7]. Possibly, in the 
system which we have studied, under the conditions mentioned, there are also formed compounds with a higher oxy- 
gen content, 


In irradiated frozen solutions of the composition described those radicals the formation of which is connected 
with the reaction between OH and nitrate ions can be detected directly by means of the EPR method [8]. It has been 
established that the nitrate ion stabilizes the OH radical (especially in the presence of OH” ions). Such a OH - No} 
radical may exist up to the temperature -100°, It was proposed that in this temperature range the OH - NOs radical 
dimerizes. In irradiated pure ice the normal OH radical disappears rapidly already at a temperature of about -160°. 
Qualitative experiments on the static magnetic susceptibility showed that irradiated solutions are paramagnetic at 
temperatures above -100°, while in various temperature ranges the magnetic susceptibility of the sample varies. Just 
as is the case in the liquid phase, in the frozen solution a deficit between 20 and 60% was found in the balance of 
the oxidizing radiolysis components in alkaline (1 M NaOH) solutions of sodium nitrate (1-5 M); when the solutions 
are acidified to a pH ~ 2-3, part of the nitrite is also found to disappear. The fact that in liquid and in frozen solu- 
tions the formation of the final products proceeds according to analogous kinetics is an indication that in the two 
cases there is a common intermediary stage of the radiolysis. In spite of that, at higher temperatures (from -90° to 
25°) we were unable to record radical products by means of EPR, It is possible that in liquid alkaline solutions the 
initially formed OH - NOg radicals dimerize and later, dependenton the condition, after acidification they may 
either effect formation of HO, or oxidize nitrite ions. 


In order to come to a better understanding of the properties of the hypothetical products we measured the 
magnetic susceptibility of irradiated sodium nitrate solutions with various concentrations and we also investigated 
many properties of irradiated solutions by means of nuclear magnetic resonance (NMR), The experiments in which 
the static susceptibility of 1-5 M solutions were measured were done by means of a Gouy balance at various magne- 
tic field strengths (7000-11000 oe) and from temperature. A VM-20 microbalance (without ferromagnetic parts) 
with a sensitivity of 0.01 mg per scale division was used for determining the apparent weight change in the magne- 
tic field. From the weighing we calculated the specific magnetic susceptibility per gram sample (x g). In parallel 
measurements on one and the same sample the Xg value was found to be reproducible within + 0.4-0.5%, 


In order to preclude the possible paramagnetism connected with the formation of O, in the system by the ac- 
tion of the irradiation we have bubbled nitrogen through the solutions before they were put on the balance, It was 
found that irradiation of strongly alkaline sodium nitrate solutions results in an increased apparent weight of the 
sample in a magnetic field (x , decreases) in comparison with that of the nonirradiated solution, The main data 
(averages of several experiments) on the specific magnetic susceptibility of irradiated (during about five hours at 
a dose intensity 750 rad/sec) and nonirradiated solutions are assembled in Table 2. 


TABLE 2 From these data itmay be concluded, firstly, that the effect 
: of irradiation (the apparent decrease in diamagnetism) is greater 
Xo: 108 of the | Xg* 10° of the in the more concentrated solutions: for 5 M NaNO at pH ~ 14, 
Sample irfadiated nonirradiated AX g = 0.021 10°; for 1 M NaNOsg atpH~ 14, Ay g = 0.009 


solution 
| pH—-14 | pH 2 | pH—14 | pH2 


Secondly, when the irradiated solutions are acidified to pH = 2, an 
apparent decrease of the diamagnetism is observed; for 5 M NaNOg, 
—0,602 for instance, Ay g = 9.013 + 10~", If it is assumed that the conversion 
—0,696 products of the oxidizing radiolysis components are paramagnetic 


5M NaNOs 
1M NaNO 


—0,581 
—0, 687 


—0,594|—0, 602 
—0,692}—0, 696 


and that they are consumed in the reaction with the nitrite ion, when the solution has been acidified, then the re- 


sults obtained are qualitatively in agreement with the data obtained by drawing the balance of the radiolysis pro- 
ducts. 


In connection withthe limited accuracy of the methods used for recording the relatively small effects of ir- 
radiation it appeared to be expedient to carry out a series of experiments in order to detect the paramagnetic parti- 
cles in an independent way. For this purpose we used the NMR method, which, as is well known, enables one to de- 
tect paramagnetic particles in solutions and to determine their concentration [9]. By means of copper sulfate solu- 

tions it was estimated how sensitive the procedures used are to the presence of paramagnetic particles, The spectro- 


meter used in this study reliably recorded the presence of paramagnetic copper ions in a solution with a concentra- 
tion somewhat below 0.01 M. 


By meands of the NMR equipment [10] and applying the saturation method [11] we estimated the spin-lattice 
relaxation time (Tj) of irradiated and nonirradiated sodium nitrate solutions having a concentration in the range 
mentioned. The estimate of T; was carried out relatively to that of the protons of water. Just as we had done in the 
previous experiments, the alkaline solutions were freed of oxygen before and after irradiation. 


The comparison of the relaxation time for the protons of pure water with that of nonirradiated sodium nitrate 
solutions showed that T, in both cases is the same within the accuracy of the experiment. Irradiation of NaNOg solu- 
tions provokes a change in the proton relaxation time and the observed changes in the amplitudes of the NMR-signals 
corresponded to a T, decreased by 2-3 times, When the samples during the irradiation are heated to 70-80°, the 
effect of irradiation survives. (Of course, these measurements have to be considered as qualitative, since the presence 
of paramagnetic particles in the solution somewhat changes the quality of the coil in the measuring system.) When 
the solutions are acidified to pH ~ 2, the relaxation time rose to a value comparible to T, for nonirradiated samples 
(and, consequently, to that of water), Hence it is evident that both the measurements of the static magnetic suscepti - 


bility and the NMR method “record” a parallelism in the change of the paramagnetic particle properties formed 
during radiolysis in the system studied. 


In conclusion we note that the entire set of given data, which we have obtained by studying irradiated aque- 
ous solutions of sodium nitrate by means of three methods, may serve as an indication that during radiolysis in the 
liquid phase there are formed paramagnetic intermediary but relatively stable products. The formation and the 
subsistence of these products, obviously, is connected with the interaction between the oxidizing components of 
water radiolysis and nitrate ions or alkali. 
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The surprising ability of chlorine ions to activate passivated alloy surfaces locally and to produce points of 
deep decay (pitting) has been repeatedly studied [1-10]. Nevertheless, many of the rules governing the growth pro- 
cesses have not been established and the mechanism of this interesting phenomenon has not been fully elucidated, 
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Fig. 1. Growth of pitting corrosion on 1Kh18N9T steel. A) Effect of the inhibitor 

(NH,Fe(SO4)» - 12H,O) in 0.5% NH,Cl solution; B) effect of the activator (NH,Cl) 

in 0.5% NH4Fe(SO4)» * 12H,O solution, Duration 25 hr. 1) Number of pits; 2) aver- 
age depth of pitting; 3) maximum depth of pitting. 


A necessary condition for the initiation and growth of pitting corrosion is the presence of both an activator 
and an inhibitor in the solution, The process protentiality (number of pits) and its rate of growth (average depth of 
pitting) are found to be complexly related to the concentration ratio of the inhibitor and activator. At constant 
activator concentration, increase in concentration of the inhibitor strongly increases the initiation potentiality of 
pitting corrosion, and only at high concentrations of the inhibitor does the number of pits begin to decrease, If the 
concentration of chlorine ions (activators) is increased the initiation potentiality of pitting corrosion increases only 
up to a certain concentration, after which it begins to decrease (Fig. 1,A and B, curves 1). 


Attention is drawn to the fact that the initiation potentiality of pitting corrosion in electrolytes containing 
high concentrations of inhibitors is far higher than in electrolytes containing high concentrations of activators. 


The rate of corrosion penetration into the metal increases to a certain extent with increase in concentration 
of both the activator and the inhibitor. Further increase in concentration of one of the components of the mixture 
leads to decrease in the average depth of corrosion penetration (Fig. 1, A and B, curves 2), As is evident, the activa- 
tor and the inhibitor act in the same direction; at low concentrations they increase the initiation potentiality and 
the rate of pitting corrosion, and at high concentrations they decrease the initiation potentiality and the rate. It 
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should be noted that these results are somewhat unexpected from the point of view of the film theory of the activating 
action of chlorine ions; it is difficult to understand why increase in activator concentration, after a certain limiting 
value, decreases the initiation potentiality of pitting corrosion and its rate of growth. 


0 Q25050 075 10 425 450 {75 mm O Q25 Q50Q75 10 125 mm 
Depth of pitting Depth of pitting 
Fig. 2. Pitting distribution-depth curves for Fig. 3. Pitting distribution-depth curves for 
1Kh18N9T steel, 1) 0.5% NH,Cl + 0.5% 1Kh18N9T steel with different durations of 
NH,4Fe(SO4)2 * 12H,O; 2) 0.5% NH,Cl + 2.0% action by an electrolyte containing 2% inhi- 
NH,Fe(SO4)» - 12H,O; 3) 0.5% NH,C1 + 8,0% bitor and 3% activator. 1) 1 hr; 2) 5 hr; 3) 
NH,Fe(SO4)» 12H,O; . 15 hr. 


Similarly, if the role of the inhibitor is to bring about restoration of the parts of the passive film destroyed by 
chlorine ions, it is impossible to understand why increase in concentration of an oxidizing agent results in increase 
of initiation potentiality of pitting corrosion. It appeared that with the presence in the electrolyte of a certain mini- 
mum quantity of oxidizing agent, necessary for carrying out the associated cathodic process (this role can also be 
performed by dissolved oxygen), pitting corrosion must occur, but its potentiality must decrease continuously with 
increase in the concentration of oxidizing agent. Regarding the rate of corrosion penetration into the metal, it must 


increase continuously with increase in concentration of the oxidizing agent in view of the acceleration of the cathodic 
process. 


Quantitative analysis of data concerning the rate of growth of the process in individual pits and conclusions 
drawn about the adsorptive nature of the activation and passivation processes [2,3,6] enable one to explain the above- 
established rules and to eliminate prevailing contradictions. 


The construction of distribution curves was found to be a very effective method for studying pitting corrosion. 
If all the pits which appeared on the surface are arranged according to size a typical distribution curve is obtained, 
indicating that the process develops exclusively and nonuniformly (rates differ by a factor of about 40) in the individual 
points. A large number of average pits and small numbers of shallow and deep pits appear on the surface (Fig. 2). 


With increase in concentration of the oxidizing agent the distribution curves shift to the left, with the exception 
of the right-hand sides of the curves, which shift to the right. Therefore, it can be concluded that with increase in 
concentration of the oxidizing agent the process slows down in most of the pits, and only a small number of active 
centers (~ 2-3%), in which the process intensifies, are left on the surface. Continuous increase in depth of corrosion 


with increase in the concentration of activator and inhibitor is observed in these active centers (Fig. 1, A and B, 
curves 3), 


It is interesting to follow the nature of the growth process in time. The distribution curves show that the pitting 
is not all distributed uniformly with time (Fig. 3). The process slows down with time in the majority of the pits, 


some of the shallow pits do not grow at all, and the corrosion penetrates continuously into the metal only in a small 
number of active centers. 
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The stainless-steel activation process with chlorine ions depends 
strongly on the electrode potential, and consequently we are concerned 
with surface effect. According to our data [8,9], and also to Uhlig's data 
[2], the activation ensues only at potentials more positive than + 0.15-0,20 
v. According to film theory, destruction of the oxide film can ensue at any 
potential. 


The stainless-steel potential in ammonium chloride is more negative 
than the critical potential, as is evident from Fig. 4, and, therefore, the 
initiation potentiality of pitting corrosion is equal to zero. With introduction 
into the electrolyte of the inhibitor and increase in its concentration the 
potential shifts more and more to the positive side, which, on the one hand, 
facilitates adsorption of the negatively charged chlorine ions, and, on the 
Fig. 4. Dependence of 1Kh18N9T steel other hand, makes them more active, All of this increases the initiation 
electrode potential on concentration of potentiality of pitting corrosion. The potential shift to the positive side 
inhibitor or activator. 1) 0.5% NH,Cl + stops at a certain concentration of the oxidizing agent, because of which 


+ 0,25-8,0% NHFe(SO4) * 12H,O; 2) the adsorption of chlorine ions should not increase, At this moment the in- 
0.5% NHgFe(SO4), * 12H,O + 0.25-8,0% crease in initiation potentiality of the pitting corrosion also stops. More- 
NH,Cl. over, as we showed by adsorption measurements with the aid of tagged 


atoms (c1®), increase in the concentration ratio of inhibitor and activa- 


tor opposes the adsorption of chlorine ions [10], which also must decrease the initiation potentiality of pitting corros- 
ion. 


Regarding the rate of the process, the rate of the cathodic reaction increasesin proportionto the increase in 
concentration of the oxidizing agent, in view of which the rate of the associated anodic reaction must also increase, 
resulting in corrosion penetration into the metal. 


However, starting at a certain concentration of oxidizing agent the current density in the majority of pits at- 
tains a value sufficient for appreciable inhibition of the anodic reaction, and, in some of these pits, sufficient even 
for the onset of anodic passivation, In view of this, the process slows down in the majority of the pits. The process 
continues to develop onlyina few active centers, where the current density is found to be insufficient for inhibition 
of the anodic reaction. Since the process is inhibited in the majority of the pits, at relatively high cathodic reaction 
rates favorable conditions for development of the process at high rates are established in the active centers. 


With increase in concentration of the activator the steel potential shifts more and more to the negative side 
(Fig. 4), which hampers the adsorption of chlorine ions and decreases the initiation potentiality of pitting corrosion. 


Decrease in the rate of the process at high chlorine ion concentrations depends on the formation of separate phase 
layers, as was revealed by inspection. 


In our opinion, pitting corrosion should also be studied as a particular form of alkaline corrosion in order to 
explain it on the basis of ideas developed by one of the authors [11]. 
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THE DIPOLE MOMENTS OF CERTAIN CYCLOPENTADIENYLIDES 


A. N. Shidlovskaya and Corresponding Member Acad. 


An approximate quantum mechanical treatment of molecular orbitals indicates that a CsHs ring can accomo- 
date one additional electron in a bonding orbital, while 
an antibonding orbital, One possible evidence for this is the fact that the highest filled level in CgHg lies 2.09 ev be- 
low the corresponding level in C7zHz which was deduced from the fact that the ionization potentials of the two com- 
pounds are 8.69 and 6,6 ev respectively [1]. Consequently molecules containing cyclopropenyl and cyclopentadienyl 
rings may in some cases become very polar. This can be verified by dipole moment measurements. D, N. Kursanov, 
who is currently studying such derivatives in his laboratory, was kind enough to provide us with three compounds: 
pyridinium cyclopentadienylide (I), N-benzylpyridinium y -cyclopentadienylide (II), and diphenyl cyclopropenone 


the CsHgs and C7Hy rings have one electron 


The dipole moments of these compounds were determined in benzene at 25 and 20° by the heterodyne beat 
method. In addition to this the dipole moment of pyridinium cyclopentadienylide was also determined in dioxane, 
The first two are very sparsely soluble in non-polar solvents. Their solubility in mole fraction was on the order of 
10-- 1075, Hence the dipole moment determinations were not very accurate. Errors as high as 1.5D are possible. 
The low solubility of these compounds in benzene already indicates a high polarity, Due to the low solubility we 

were unable to extrapolate the polarization to infinite dilution, 


located in 


Prot. 


P 
or, 


In benzene 
The same 
in dioxane 


tion, and the dipole moment. 


2,79-10-4 
2,32-10-4 
1,96-10-4 


1,45-10-4 
1,441-10-$ 


2,2776 
2,2773 


2,999 
2,297 
2,280 
2,2795 
2,2786 


3650 
3964 


4953 
6267 
6663 
1764 
2271 


3612 
3921 


at 20° 
6224 
6620 
1689 
2196 


The successive columns of Table 1 give: the formula, the mole fraction of solute, the dielectric constant of 
solution, the total polarization, the electron polarization (calculated from bond refractions), the orientation polariza- 


The best we can do under the circumstances is to use the average values of: 13.5 + 0.3, 16.94 1.5, and 9,6 
+ 0.7 D. Since diphenyl cyclopropenone was somewhat more soluble in benzene, after measuring the dipole moment 
in the usual way we carried out the calculations formulated by Hedestrand. In Table 2 we have listed the mole frac- 
tions, the dielectric constants, the solution densities, and Hedstrand'’s & and 8 constants. 
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The data given in Table 2 yield a total polarization of 596.4, For Pel = 62 cm* this gives an orientation polariza- 
tion of 534.4 cm® and a dipole moment of 5,08D. 


TABLE 2. 


1,065-10-3 | 2,312 0,8763 16,73 
1,129-10-3 | 2,314 0,8761 16,67 | 1,120} 5,08 


1,932-10-% | 2,344 0,8771 16,63 | 1,124 
Hy 


It is quite obvious that pyridinium cyclopentadienylide has a fairly large dipole moment comparable in magni- 
tude to the moments of gaseous alkali metal halides. The moment is very close to the product of a unit charge by 
the distance from the nitrogen to the center of the five-membered ring. This indicates that the delocalized negative 
charge is concentrated in the five-membered ring thus emphasizing the electron affinity of a cyclopentadienyl ring. 
The molecule as a whole can be regarded 


OH 


tv) (v) 


as a dipolar ion, The large dipole moment would also suggest that structure IV, with the dipole pointing in the re- 
verse direction and with normal bonds in an uncharged five-membered ring is relatively unimportant, The increased 
dipole moment of this compound in dioxane may possibly be due to an intermolecular interaction involving the posi- 
tive charge on the nitrogen and the negative end (oxygen) of the dioxane dipoles. 


N-benzylpyridinium y -cyclopentadienylide has a slightly smaller dipole moment than does pyridinium cyclo- 
pentadienylide despite the large charge separation. This is apparently connected with the fact that we can write for 
this compound an electron distribution with no large residual charges, a molecular structure (V) of low or medium 
polarity. There is a possibility, of course, that a conjugation of the phenyl ring with the CH»-group plays an important 
role in this case, since it would be accompanied by the displacement of an electron to the ortho and para positions 
leading to the formation of a moment in the opposite direction, Yet, everything considered, an experimental dipole 
moment of about 10D indicates that in this molecule the electron affinity of the five-membered ring is still of consi- 
derable importance. 


The dipole moment of diphenylcyclopropenone (5,08D) is greater than that of most ordinary ketones (2.8D), 
and exceeds by a small amount that of tropone (4.3D), However, this moment is very much smaller than the moments 
of the first two compounds, For steric reasons, the CgHg ring is less stable. If we consider a possible charge distribu- 
tion where the negative sign is on the oxygen and the positive on the ortho and para positions of the phenyl rings the 
dipole moment would still have to be much greater than 2.8D, Hence we may conclude that the contribution from a 
structure with a positively charged three-membered ring is rather small. 


We wish to thank D. N. Kursanov, M. E. Vol'pin, Z. N. Parnes, and N. K. Baranetska for the experimental sam- 
ples of the compounds. 
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1, The proof that strong deflagrations are impossible has found general acceptance; the physical meaning of 
this proof is evident from Fig. 1 where Hugoniot's adiabat constructed from the equation 


x—6 
= (1) 


and Michelson's straight line 1-2-3 satisfying the relation 


= (1 +tan@) —tan0-s 


6 


have been drawn. 


The slope 


1— 
= (3) 


determines the propagation rate of the deflagration; this rate depends on the physicochemical and aerodynamical 
characteristics of the gas mixture. 


In equations (1)-(3) ™ and o represent the pressure and the specific volume of the gas normalized in such a 
way that in the starting point ™, = 1,0,= 1," =(y + 1)/y- 1,y is specific heat ratio, q = 2yQ/c% where Q/c? is 
the ratio of the combustion heat per unit mass to the sound velocity in the initial state 1. 


On Hugoniot's adiabat the Jouguet deflagration is indicated by the point K. Above point K on curve H lie the 
states of the combustion products of weak deflagrations, below those of the strong ones. In order to realize a strong 
deflagration the state of the gas should be carried over along the straight line from the initial point 1 via 2 to 3, How- 
ever, all points on the section between 2 and 3 Michelson’s line correspond to situations in which by combustion 
more heat is liberated than on curve H. The region between 2 and 3 constitutes an energetic barrier and the stock of 


energy in the gas is not enough to surmount it, This is also the point of the generally accepted proof that strong de- 
flagrations are impossible. 


In the model of Zel*dovich-Neiman a detonation is described as a deflagration propagating behind a shock 
wave with the same velocity as the wave (in the laboratory system of coordinates). The gas compresses by the shock 
serves as the initial state of the deflagration. Consequently, a strong detonation is identified with a weak deflagra- 
tion and a weak detonation with a strong deflagration. In exactly the same way as has been shown that strong de- 
flagrations are impossible one can prove that weak detonations cannot be realized. 


2. The proof given above, which has entered the most fundamental handbooks [1,2] and is right in many practi- 
cal cases, in principle, is incorrect. It is based onthe nonevident, especially for detonations, assumption that the 
chemical reaction rate is positive along Michelson's line 1-2-3 (in the region from unburnt to burnt gas). 


Let us imagine a dissociation of the combustion products occurring with some delay. Then the assumption that 
the reaction rate is positive is no longer valid and by this the proof looses its strength. Let, for instance, in the first 


| 
| 
(2) 
* 
= 
547 


reaction stage be liberated an amount of heat corresponding to the upwards shifted Hugoniot adiabat H" and then, 
after the lapse of some time, part of the reaction heat be consumed in the dissociation; this should mean that the 
stationary case — curve H — is determined by a certain fraction of the maximum heat effect. Under these conditions 
from the viewpoint of the proof given above, it will become possible to surmount the energetic barrier 2-3 and to 
realize a strong deflagration and a weak detonation. But actually, in this case too, neither a strong deflagration, 
nor a weak detonation in Zel’dovich-Neimans's model, are possible. This must be so for a more general thermo- 
dynamical reason than the presence of an energy barrier between the points 2 and 3. 


3. In Fig. 2 the entropy is plotted as a function of the specific volume along the Hugoniot adiabat (curve H) 
and along Michelson's straight lines passing through points 2-3 (curve Mg) and K (curve Mx). Fig. 2 maps Fig. 1 in 
the S-o plane and the corresponding points have the same detonation. 
But, besides the deflagrational (section I2K2,3), the detonational part 
of the Hugoniot curve (to the left of o = 1) with the sharp entropy 
minimum J is also drawn in Fig. 2. The initial pointo,;= land S =O 
is not visible in the plot, since it lies far below the horizontal axis. 


As is evident from Fig. 2, the entropy along the line 1-2-3 is 
lower in the point 3 representing a strong deflagration than in point 
2 lying in the section of weak deflagrations, Consequently, the transi- 
tion from weak to strong deflagrations is accompanied by a lowering 
of the entropy, in the case shown by the amount AS, But, whenever 
the reactions heats are equal in the points 2 and 3 and the reaction 
takes place in a tube with a constant cross section, such a transition 
is impossible; it would contradict the second law of thermodynamics. 
By resorting to limit cases one may prove that this statement is valid 
for deflagrations propagating at any possible velocity. By letting 
point 3 approach the point where Hugoniot's adiabat intersects the 
abscissa axis one gets the first limit case. In Fig. 1 the Michelson 
straight line 1-2P-3P corresponds to it. In the point of intersection 3P 
the pressure goes to zero and the entropy of the strong deflagration 
to - ©, This occurs when 


+%, 
(4) 


1 
tan 0 = g+x—1 . (5) 


The specific volume in the point where Michelson’s straight 
line intersects the section of weak deflagration is related to the speci- 


fic volume in the point where this same line intersects the section of 
strong deflagrations by the following relation 


2x 1-4 tan 6 


tang 


From (6), (5) and (4) we find that 


= 10g p = log ~* 


S. 
_2p log 
Cy 


(8) 


It is equal to the final value. Consequently, the entropy difference inthe first limit case approaches infinity, It has 
no sense to look at specific volumes exceeding q + %, since the corresponding pressure would be negative. In the 
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other limit case where the velocity of the deflagration rises and approaches that of the Jouguet deflagration, point 
2 in Fig, 2 is shifted to point K to which the points 2; and 3 are contracted. The entropy difference decreases and 
in point K it goes to zero, From these limit cases it is evident that the entropy of a weak deflagration is always 
higher than the entropy of a strong one propagating at the same velocity (lying on the same Michelson straight line). 
The intermediary cases confined between the two limits have no analytical solution, Therefore, values of the entropy 
difference have to be determined by a numberical solution. The plots in Figs. 1 and 2 were constructed for y = 1.4 
and q = 20. For other values too of y and q the calculations give similar results. 


Strong deflagrations are impossible for exactly the same physical reason as why rarefaction shock waves can- 
not be realized, However, the impossibility of rarefaction shock waves has an absolute character: the entropy of the 
rarified gas in the shock wave is always lower than that of the initial state 1. In deflagration there is only a decrease 
in entropy with respect to that of a weak deflagrating moving with the same velocity as the strong one. But when 
referred to the initial state 1 in Fig. 1 strong deflagrations have a higher entropy, with the exception of the states 
which lie to the right of point 4 where Hugoniot's adiabat intersects Poisson's isentrope ™ passing through point 1. 
Therefore, strong deflagrations are impossible, if the gas cannot avoid point 2, that is, if it at the beginning gets 
into a state lying in the region of weak deflagrations and representing an actual physical process. For chemical com- 
bustions this is always the case, But one may imagine (we will not judge whether they are possible) exothermal re- 
actions of the condensation type and being strongly dependent on temperature: such reactions that do not take place 
under the conditions of point 2 but instantaneously proceed in states described by point 3. In this the state of the gas 
while avoiding point 2 passes directly — with a jump ~— to 3. Under the condition 0g< o,4 nothing impedes the realiza- 
tion of such a strong deflagration: neither the law of energy conservation, nor the second law of thermodynamics, 


In a strong deflagration the velocity of the gas goes over from the subsonic to the supersonic value — a pheno- 
menon impossible at first sight. In fact, for isentropic processes the transition to a supersonic velocity is impossible, 
if no heat or mass is lost, if no work is done onthe system or the flow is not broadened, But deflagration is a nonisen- 
tropic process, therefore the transition from subsonic to supersonic velocity becomes possible. 


4, Weak detonations cannot be realized as long as it is true that the gas is ignited by the shock wave. Strictly 
speaking, in this case a detonation as such does not exist. There exists a deflagration for which the gas compressed 
by the preceding shock wave constitutes the initial state. In the Zel'dovich Neiman mechanism the entropy along 


a Hugoniot adiabat has a maximum in Jouguet’s point, whereas on the detonation branch, as is evident from Fig. 2, 
it has a minimum in Jouguet's point J. 


In the literature, propagation of detonation in condensed explosives by means of electron diffusion is discussed 
[3]. Propagation by means of light is a conceivable mechanism, If in any case diffusional propagation of detonation 
is proved to be valid, then the detonation would be a weak one. Its velocity will be determined not by Jouguet’s 
selection rule but by a relation having, according to considerations of dimensions, the form 


p~y ®. (9) 


where !/ represents the length of the free path of the electrons or quanta, v their velocity, T the reaction time for 
the decomposition of the explosive under the action of electrons or quanta. 
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In an earlier paper [1] we showed that at temperatures below 0° there is observed a reversal, as it were, in the 
temperature dependence of the coefficient of surface diffusion of mercury over tin, We related this fact to the influ- 
ence, on the course of the surface diffusion of mercury over tin, of the 8 -Sn ~ &-Sn conversion, which always starts 
at the surface of a specimen, This work [1] was carried out with tin specimens with a distorted surface, since in this 
case the effect of the increase in the rate of diffusion of mercury at low temperatures is shown particularly clearly. 
When nondistorted tin specimens are used, the rate of diffusion of mercury at low temperatures is so small that it be- 
comes difficult to measure. 


From previous work it is known that the conversion of white tin to grey tin can be accelerated either by using 
deformed specimens as was done in [1] or by seeding. Until 1950 it was considered that this seeding could be carried 
out only with crystallites of grey tin. In 1950, N. A. Goryunova [2] showed that the conversion of white tin to grey 
tin can also be brought about by crystallites of CdTe and InSb, which are isomorphous with &-Sn. Like a-Sn, these 
semiconducting compounds have a diamond-type lattice, and their lattice parameters are close to those of a-Sn. 
Since the problem of the inoculation of centers of a new phase on various inclusions in phase changes in solids is 
extremely important, it was of considerable interest to examine the influence of the above substances on the initial 
stage of the 8 ~a&-Sn conversion, by studying the surface diffusion of mercury [1]. 


In [2] the tin specimens were inoculated by rubbing in one or two crystallites of the substances being tested. 
This method of inoculation was not applicable in our case since in order to increase significantly the rate of diffus- 
ion of mercury over tin at low temperatures it is necessary to produce a large number of «-Sn centers. The intro- 
duction of a large number of CdTe, InSb, Si and Ge particles into the surface layers of the specimens of white tin 
(analytically pure) was carried out as follows. A thin film of resin was deposited, from its solution in acetone,on the 
inner surface of glass tubes. A small quantity of a powdered specimen of one of the above substances was then placed 
in the tube and the interior of the tube was covered evenly with powder by repeated shaking; the excess powder was 
then removed. In some experiments (with Si, for example), the inside of the tube was covered with particles from a 
suspension of the substance in a solution of resin in acetone. The tubes prepared in this way were filled with molten 
tin, which was removed after solidification and all the particles which had not entered the surface layer were washed 
from the surface of the tin cylinders by means of acetone, The method of studying the surface diffusion of mercury 
on these specimens differed little from that described in [1], Measurements were made of the height to which the 
amalgam film rose with time at different temperatures, In [3] it was shown that at room temperatures and above these 
quantities are related by the expression 


h? ~ Dt (1) 


where h is the height to which the amalgam rises, t the time taken for the amalgam to rise, and D the coefficient 

of surface diffusion of mercury. At low temperatures on distorted specimens this relationship becomes more complica - 
ted and the h?(t) curve att > -24° is S-shaped. As shown in [1], the retardation of the rate at which the amalgam 
rises at high values of t is related to relaxation stresses produced in the surface layer of the white tin when «-Sn 
centers are formed in the process of reactive surface diffusion of mercury. 
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Measurement of the rate of surface diffusion of mercury over tin when particles of CdTe, InSb, Si and Ge are 
introduced into its surface layer showed in all cases a sharp increase in this rate at low temperatures compared with 
nondistorted tin (the smallest accelerating action was produced by the Ge powder* ). The quantity of powder intro- 
duced into the surface layer of the tin was also found to influence the process. When a greater quantity of CdTe was 
deposited from one side of the tube, the amalgam rose more rapidly from this side of the specimen than from the 
others. Thus in this case it must be concluded that inoculation of «-Sn centers takes place at the particles of insoluble 
impurity introduced into the surface layer of the tin. Figure 1 gives graphs showing the function h(t) at different low 
temperatures for one of the Sn + CdTe specimens** . The Table 
shows the temperature at which the measurements were made 
and the slope of the straight line for each graph. Figure 1 shows 
that for the values of the duration of the experiment taken, the 
function h(t) is linear in all cases (except the curve at -8,8°) 
with no retardation at high values of the time. The same is 
true of the h’(t) curve for all other cases. The absence of retarda- 
tion at high values of the time is apparently due to the fact that 
in these cases the surface layer of the specimens is broken up 
to a lesser extent, while the “stability” of the «-Sn centers 
produced is greater when they are inoculated on particles of 
impurity insoluble in 6 -Sn, particularly if these impurities are 
isomorphous with a-Sn, Another significant feature is that ac- 
cording to the data obtained in our measurements (Fig. 1), the 
ss measured coefficient of surface diffusion of mercury increases 

0 ” 10 20. 30 40. 50 min with decrease in temperature (as was observed in our earlier 

oo work [1]) and afterwards, at temperatures of -18° and below, 

Fig. 1. Graphs of h?(t) at low temperatures for Sn+ —_ it decreases in some cases; this was not observed previously. In 
+ CdTe specimens (see Curve II in Fig. 2). the present work this effect was observed many times on tin 
specimens when CdTe and Si powders were introduced into the 
surface layers. In experiments with Sn + InSb and Sn + Ge speci- 
mens, no such low-temperature maximum of the coefficient of 
surface diffusion of mercury was observed. Figure 2 gives graphs 
showing the dependence of tan & (a quantity proportional to the 
coefficient of surface diffusion) on temperature for the Sn + 
+ CdTe, Sn + Ge, Sn + Si and Sn + InSb specimens, In the case 
of Sn + CdTe and Sn + Si, several temperature points were re- 
corded on the descending branch of the tan @(T) curves, indica - 
ting conclusively the existence of a low-temperature maximum 
in these cases, The appearance of this maximum seems to be 
due to the following factors. 


“28 6 “26 In [1] it was observed that the number of points at which 
= TT a-Sn nuclei were formed at a given low temperature was limi- 
Fig. 2. Temperature dependence of the coefficient ted and that the total number of nuclei produced in these "pre- 
of surface diffusion of mercury in tin amalgam on _ pared sites" increased with decrease in temperature. This in- 
specimens of Sn + CdTe (I, II), Sn + Ge (III), Sn + crease is related to the fact that with increase in the supercool- 
+ Si (IV, V) and Sn + InSb (VI). ing there is a decrease in the critical size of the nucleus of the 
new phase both for spontaneous formation of nuclei and for their 
inoculation on particles of insoluble impurity and other imperfections in the structure. This increase in the number 
of centersofnew phase with increase in the supercooling is understandable, since in any test specimen there appears 
to be a certain distribution of the corresponding regions with respect to size and “activity”. It may be suggested, 
however, that in the case where a definite uniformity of “prepared sites” is produced, at a certain degree of super- 
cooling the great majority of these will be exhausted and subsequent decrease in the temperature will not increase 
significantly the number of grey tin nuclei, so that in the system, which is now relatively stable (6 -Sn + a definite 


* No accelerating action of this sort was observed when graphite powder was introduced into the glass tube. 
** Some of the curves are displaced along the y axis. 
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Tan ©. quantity of &-Sn centers), the coefficient of surface 

ck Se diffusion of mercury will decrease with further cooling, 

eae as is in fact observed experimentally. It is natural that 
with the introduction of particles of insoluble impurity 
into the surface layer of the tin there is a greater uni- 
formity of “prepared sites" than in the case of the non- 
uniformly stressed state which was created by deforma- 
tion of the original specimens in earlier work [1]. 


tang = 0.16 
0.41 
0.51 


In [2,4] it was stated that the inoculating action on the 8 ~ &-Sn conversion is shown only by crystallites of 

CdTe and InSb and is not shown by many other substances including Ge and Si, In this connection it is necessary to 
note that in our experiments we recorded the influence of the added insoluble impurities in the initial stages of the 
conversion of white tin to grey tin, whereas in [2,4] the later stages of the conversion were studied. Thus the influence 
of the above particles, which we observed, is insufficient to reveal their accelerating action in experiments such as 
those of N. A, Goryunova [2,4]. It is also possible that the introduction of the insoluble particles into the tin by the 
high-temperature method described above is more effective in inoculating centers of grey tin than introduction of 

the particles by rubbing. 


In conclusion I wish to take this opportunity to express my gratitude to Professor S. D. Gertsriken for directing 
this work. 
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A number of investigations have shown that adsorption of nonsurface-active sulfuric acid anions on platinized 
platinum increases with shift of potential from that of reversible hydrogen to the potential corresponding to the com- 
mencement of oxygen adsorption, which expels into solution anions adsorbed by the positively charged surface, Such 
results were obtained with rapid measurement of the adsorption by means of the change of anion concentration in 
solution in relation to the potential. Increased adsorption of sulfuric acid anions on oxidized platinum was observed 
at 1.1-1.2 v relative to a normal hydrogen electrode, and the adsorption decreased again when the potential was 
further increased [1,2]. The adsorption of sulfuric acid on polished platinum, oxidized at potential 2.0 v, amounted 
to about 1% of the magnitude obtained with positive charging of the nonoxidized platinum [3]. 


=. 


An a-¢ curve having a maximum was also obtained from a study of the adsorption function of surface-active 
iodine anions on platinum [4]. This result, however, was obtained by measuring the adsorption by means of the radio- 
activity of the electrode which had been maintained in sulfuric acid solution at a fixed potential prior to the addition 


of adsorbable iodine; after adsorption it was withdrawn from the solution into the atmosphere for measurement of the 
radioactivity. 


Our object in the current work was the clarification of the effect of preliminary oxidation of the platinum on 
the adsorption of anions, using, by way of illustration, surface-active bromine anions. 


The adsorption on platinum of bromine, from acidified NaBr solutions, in relation to time and potential was 
studied with the aid of tagged atoms (Br) and charging curves. The adsorption was measured from the changes in 
radioactivity of the solution and of the electrode washed with water in air. Special experiments with platinized 
platinum showed that in the case of adsorption of bromine and iodine anions, which appeared to be very stable [3-5, 
7], the degrees of adsorption measured from the radioactivity of the solution or the electrode were practically identi- 
cal, which verified the applicability of the latter method of measurement in the presence of stable adsorption, The 


surface area of the platinized electrode was measured from the hydrogen regions of the charging curves obtained 
with IN H,SO, [6]. 


The dependence of bromine adsorption on the potential of the platinized platinum is shown in Fig. 1. Curve 1 
shows that the adsorption increases with shift of potential from that of reversible hydrogen to more positive values up 
to the potential at which bromine is liberated, noticeably coloring the solution yellow. When this curve was plotted 
in the reverse direction (curve 2) the degree of adsorption did not change in the range 1,0-0.2 v, which can be ex- 
plained by the absence of reduction of the chemically adsorbed bromine, this starting at still lower positive potentials 
with subsequent desorption of the Br” anions which were formed. 


Charging curves, shown in Fig. 2, were produced simultaneously with the adsorption curves. Comparison of 


curves 1 and 2 shows that the oxygen region begins at higher potentials in the presence of bromine than in its absence, 
as was noted earlier for iodine anions [5]. 


The results show that in this case the bromine adsorbed on nonoxidized platinum is initially stable, it is not 
rapidly displaced by oxygen, and the a-¥¢ curve does not pass through a maximum, 


An adsorption curve with a diffused maximum (Fig. 1, curve 3) was obtained with an electrode on which oxy- 
gen was preliminarily adsorbed. In this case the platinum was initially anodically oxidized in 1N H,SO, at the poten- 
tial at which oxygen is liberated (1.4 v) for one hour, After polarization the dissolved oxygen was free from nitrogen. 
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tive to a normal 
electrode 


Fig. 1. Dependence of bromine adsorption on potential. 1) With shift 
of current potential in the anodic direction, on a nonoxidized elec- 
trode; 2) with shift of hydrogen potential in the cathodic direction 
(derived immediately after curve 1); 3) with shift of current potential 
in the cathodic direction, on an electrode previously anodically oxi- 
dized at 1.4 v relative to normal hydrogen electrode (in IN H,SO, + 

+ 1073N NaBr solution); 4) with shift of current potential in the anodic 
direction, on a nonoxidized electrode in 1N H,SO,+ 5 x 10 “4 NaBr 
solution), 


NaBr was added to the solution when the potential had become steady at 1.22 v, and in time the adsorption was ob- 
served to increase, attaining a value of only 4 x 10-" g-ions/cm? after one hour. Thechange in bromine adsorption 
with shift in potential to that of reversible hydrogen (210 min) was then measured at constant cathodic current density. 
Comparison of curves 3 and 4 in Fig. 2 and curve 3 in Fig, 1 in the range 1.2-0.9 v shows that there was practically 
no bromine adsorption, because of the displacement of very little oxygen, which was stably adsorbed at high anodic 
potentials, Complete oxygen desorption evidently occurs in the range 0.9-0.7 v, and the bromine adsorption attains 

a maximum magnitude. The degree of bromine adsorption does not change with potential in the range corresponding 
to the double layer portion of the charging curve. This shows that adsorbed bromine does not respond to change of 
potential in the double layer because of the high stability of its bond with platinum, which agrees with data concern- 
ing change in capacity of the double layer on platinum in bromide solutions [8]. 


The observed decrease in adsorption at the potentials corresponding to the hydrogen region of the charging curve 
is explained in the same way as for curve 2 in Fig. 1. 


The slow rate at which initially adsorbed oxygen is displaced by bromine evidently may account for the shape 
of the adsorption curve with a maximum obtained earlier [4]. 


From studies of the exchange of bromine adsorbed on platinized platinum with bromine ions in solution the de- 
pendence of the rate of exchange on potential was found. The exchange was comparatively rapid (60% in onc hour) 


at 0.1 v, whereas there was practically no exchange in the same period at 0.8 v with identical degree of charging. 
This indicates a change in the stability of the adsorbed bromine bond with the platinum. 


Comparison of the cathodic charging curves 4 and 5 in Fig. 2 shows that oxygen with high-energy bonds is ab- 
sent from an electrode which was oxidized after adsorption of bromine (curve 5). However, the total quantity of elec- 
tricity necessary in order to draw the complete charging curve is identical in both cases, Bromine desorption occurs 


at potentials corresponding to the hydrogen region of the curve. Because of this, that region of charging curve 5 is 
longer than the equivalent region of curve 4. 


At potentials corresponding to the hydrogen region of the charging curve it can be seen that practically 100% 
of the bromine was adsorbed from the solution containing a low concentration of NaBr (5 x 10° 4N), in spite of the 
more than 1000-fold excess of sulfate anions (curve 4 in Fig. 1). In this case very slow desorption of bromine was ob- 
served (5% in two hours) when the electrode was maintained at the evolution potential of oxygen. 


A study of the kinetics of bromine adsorption on air-oxidized platinized platinum showed that the degree of 
adsorption changes linearly with the logarithm of time in the region of average surface charging from 0.5 x 10°" to 
2x 107" g-ions/cm?* during change of time from 2 x 107* to 2 x 10° sec, 


The kinetics of bromine adsorption from 0,005N NaBr + 0.005N Br, solution and from 0.01N NaBr solution are 
identical. Consequently, the rate of bromine adsorption is determined not by the Br oxidation process with subsequent 
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adsorption of bromine on the electrode, but by the rate of displacement of oxygen, previously adsorbed on the surface. 
Direct experiments with air-oxidized platinum in a nitrogen atmosphere showed that when bromine was adsorbed from 


an NaBr + H,SO, solution H* cations were lost, equivalent to the amount of adsorbed bromine (with an accuracy of 
about 10%), 


V, relative to a 
normal electrode 


coul 


coul 


Fig. 2. Charging curves for platinized platinum. 1) Anodic in pure 1N HSO,4 
solution; 2) anodic in IN H,SO4+ 3 x 10°§N NaBr solution; 3) cathodic, de- 
rived simultaneously with adsorption curve 3 in Fig. 1; 4) cathodic in 1N 
H,SO, with an uncontaminated electrode; 5) cathodic in 1N H,SO, after ad- 
sorption of bromine by the electrode, 


The kinetics of bromine adsorption in relation to the degree of oxidation of polished platinum were studied. 
Specimens, after appropriate preliminary preparation, were placed in IN H,SO,4+ 2 x 10-8N NaBr solution for a fixed 
time. Their radioactivities were measured after rinsing with water for 30 sec, Then the samples were again submerged 


in the same solution and all operations were repeated, which enabled the kinetics of adsorption on one and the same 
surface to be studied. 


Bromine is rapidly adsorbed on a nonoxidized specimen (curve 1, Fig. 3), which agrees with data for adsorption 
of I', CN’ , and CNS” on nonoxidized platinum, freed from dust in a vacuum [9]. However, the degree of adsorption 
of bromine decreases somewhat after a time, which we explain by displacement of the bromine by oxygen until an 
equilibrium state is attained, From comparisons of curves 1-5 in Fig. 3 it is evident that the longer the platinum was 
oxidized in air, the lower was the initial degree of adsorption of bromine. It increases with time at the expense of 
slow displacement of the adsorbed oxygen by bromine, tending to an equilibrium state. Bromine adsorption is initially 
very slow on anodically oxidized platinum (curve 6), but after 500-600 sec a step-wise increase in the adsorption, 
rapidly attaining its limiting value, is observed. It may be assumed that rupture of the pacifying oxide film on the 
platinum appears at this point, similar to the appearance of “rupture” during corrosion. 


Desorption of bromine from platinized platinum into water in air is practically nonexistent, but occurs relative- 


ly quickly in electrolyte solutions at potentials more negative than that of normal hydrogen (> 90% in some tens of 
minutes). 


Nearly complete desorption of bromine from polished platinum was observed after several minutes during anodic 
polarization in 1N H2SO,4, which we explain by the attainment of a high potential (1.9 v) at which BrOgs anions form; 
these anions are not adsorbed on anodically oxidized platinum [10]. Bromine can also desorb into water in air, but 
considerably more slowly. In this case the relationship a = E log (t + to) was found, indicating that the adsorption and 
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desorption processes on oxidized platinum occur with 
activation energies changing linearly with surface charg- 
ing, which should agree with adsorption on a hetero- 
geneous surface in compliance with the Temkin iso- 
therm [11]. 


The aggregate of the results shows the chemical 
nature of bromine adsorption on platinum and the recip- 
rocal displacement of bromine and oxygen. 


We profoundly thank A. N, Frumkin for his valu- 
able observations when the results of this work were 
discussed. 
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Molybdenum is a high-melting metal which has recently found increasing use inmany high-temperature instal- 
lations. In spite of this, its enthalpy and thermal capacity have only been investigated up to temperatures of about 
1500° [1-3]. The present communication gives the results of the determination of the enthalpy of molybdenum in the 
700-2337° temperature range in an experimental apparatus which was operated by the method of mixing, using a 
large robust calorimeter with an isothermal jacket [4-6]. The molybdenum sample was heated to a high temperature 
in a furnace with a tungsten heater. The calorimeter and furnace, which were separated by a cooled screening device, 
formed a common air-tight volume which during the period of the experiments was either under a vacuum of about 


10°? mm Hg or was filled with argon at a pressure of 1.05 atm. This made it possible to protect the samples and the 
heater from oxidation, 


The temperature of the calorimetric system was measured simultaneously by two platinum resistance thermo- 
meters. One of these thermometers was wound double on the lateral surface of the copper block, while the other — 
in the form of a spiral of platinum wire — was wound double on the copper helical shell, which was fitted tightly in- 
to a blind hole of diameter 3.3 mm in the block. The resistance thermometers were connected in series, and their 
resistance was measured by means of a first class PMS-48 type potentiometer, coupled with an M21/4 type mirror 
galvanometer. The measurement system employed ensured that the sensitivity of the resistance measurement of the 
thermometers was up to a unit of the sixth sign. 


Temperature constancy of the jacket of the calorimetric system was maintained by a photorelay to an accuracy 
of + 0.001°. Taking into account the particular features of enthalpy determination by the method of mixing at high 
temperatures [5,6], ampoules were not used for the investigation, The heat losses of the sample during descent in the 
calorimeter were calculated from the known total radiation coefficient of molybdenum [7,8]. In the given case this 


method of determining the heat losses of samples as they descend gives a lower experimental error than when ampoules 
are used, 


The samples were bored out of molybdenum rods _ obtained by the powder metallurgy method. According to 
semiquantitative spectral analysis, the impurities in the samples did not exceed 0.04-0.05%, The samples were in the 
form of a truncated cone, coinciding in dimensions with the axial cavity in the calorimeter. The surface of the sam- 
ples was carefully polished. The enthalpy of molybdenum was determined on five samples (of weight about 120, 90 

or 60 g). As a result, an optimum temperature rise of the calorimetric system throughout the whole 700-2340° tempera - 
ture range was obtained each time. 


Up to 1327° the temperature of the samples was measured by standard platinum rhodium- platinum thermocouples 
of the second category, the hot junction of which was located in the center of the sample. Higher temperatures of the 
samples were measured by an optical pyrometer with a tapering filament, the model of an absolute black body being 
created in the sample during this process. For this purpose we employed a cavity, drilled along the axis of the sample, 
covered at the top with a molybdenum disc with an orifice diameter of 2.3 mm for sighting the pyrometer. A shallow 
incision was made on the bottom of the cavity with a steel cutting point or a layer of fine molybdenum powder was 
introduced, the purpose being to obtain diffusion reflection of the radiation. 


It should be noted that in certain preliminary experiments to determine the enthalpy in argon at temperatures 
above 2000°, our results were low as a result of the vapor and gas which entered the visual field of the pyrometer. In 
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subsequent experiments above 2000° we injected a small amount of argon into the area between the sample and the 
pyrometer in order to remove this vapor and gas. This was completely justified: check experiments carried out under 
vacuum at 2106, 2235 and 2241° agree closely with the experimental data obtained with use of injection when the 
apparatus was filled with argon. 


In addition, the design of the suspension of the samples in the furnace [5] was modified because at 1900-2000° 
and above, it was found — particularly under vacuum ~ that the sample and the tungsten wires on which it was suspended 
adhered to the molybdenum tube of the suspension, In the modified suspension system the molybdenum tube was 
shortened, and at the site of calcination by the electric current the tungsten wires were suspended from a graphite 
ring, located in the cold zone of the furnace, The wires did not adhere to the ring. 


After 11 experiments, over the 1327-2172° temperature range, thermal stabilization of the molybdenum samples 
was carried out at 2050° under vacuum, The samples were heated for 3 hours and then cooled for an hour and a half. 
After thermal stabilization, the experiments were repeated. No discrepancy was observed between the experiments 
carried out before and afterthermal stabilization, The experiments carried out first at high temperatures and then at 
low temperatures again, and those under vacuum or in argon gave similar results, within the limits of permissible 
experimental error, 


In experiments at 699.3, 1446, 1600 and 1788° the samples investigated were located in a molybdenum cylinder 
of diameter 26 mm and height 100 mm, to equalize the temperature field along the height of the heater. The experi- 
mental data obtained with and without a molybdenum cylinder agree satisfactorily with each other. This justifies the 
assumption that the temperature gradient along the height of the sample is fairly slight and does not lead to a substan- 
tial error in the measurement of the temperature of the sample. 


Experimental Data on the Enthalpy of Molybdenum 


Serial |Temp., |it- igec, [Serial Temp] it - ig Seria Temp] ir - ig 
No. | °C cal/kg |/No. | |kcal/kg || No. | °C |kcal/ky 


1 699,3 45,58 | 12 | 1690 | 124,45 | 23 | 2046 | 458,72 
2 883,3 58,82 |) 13 | 1739 | 128,95 | 24 | 2077] 160,29 
3 | 1010,7 68,53 | 14 | 1780] 133,01 | 25 | 2106] 163,47 
4 | 1199,0 83,09 || 15 | 1788 | 133,70 || 26 | 2165] 170,95 
5 | 1327,4 93,19 | 16 | 1854] 139,48 | 27 | 2472 | 170,59 
6 | 1432 101,51 17 | 1900 | 144,46 | 28 | 2235] 178,10 
7 | 1446 102,66 | 18 | 1942 | 147,87 |} 29 | 2241 | 178,30 
8 | 1536 110,40 | 19 | 1954 | 159,37 | 30 | 2250] 179,37 
| 1600 115,67 20 | 1970 | 151,63 | 31 | 2257] 181,03 
10 | 1629 118,91 21 | 1985 | 151,44 |} 32 | 23371] 190,22 
11 1657 121,04 | 22 | 2036 | 156,67 | 


When the screening device was opened to release the sarmple, the calorimeter was protected from the heat 
radiated by the furnace by an additional screen in the form of a blind, the design of which is described in [5]. The 
blind was opened only for a moment, a shutter system being employed. 


The flaps of the calorimeter lid were closed in approximately one second after the sample had been lowered, 
a lever mechanism, actuated manually by the screen of the screen device, being employed for this. According to 
calculations for this calorimeter design, the heat loss in the period from the descent of the sample into the calori- 
meter to the moment the flaps are closed must be slight. To check this, we designed an apparatus which actuated the 
lever mechanism for closing the flaps when it received the impact of the falling sample, i.e.,almost instantaneously. 
The check showed that the experimental points obtained with automatic closing of the flaps agreed with the experi- 
mental points previously obtained with manual closing of the flaps. Nevertheless, in subsequent experiments we 


employed only automatic closing of the flaps because this removed the possible influence of subjective factors on 
the results. 


The results of the experiments are given in the table. A total of 32 experimental points was obtained. The 
enthalpy was reckoned from 0°, During the analysis of the results it was assumed that 1 cal = 4.1840 abs. joules. 


The maximum nominal margin of error of the experimental determination of the enthalpy does not exceed 


+ 0.4% when the temperature is measured by a thermocouple, while with use of a pyrometer it is + 1.2% for 2000- 
2400°, 


a 


In the overlapping temperature region of 700-1554” the experimental points of Jaeger and Veenstra [2,3] coin- 


cide with our points within limits of +0,5%, The experimental data of Wist et al, [1] are 3-8% higher than ours, evi- 
dently as a result of the lack of measurement accuracy of the sample temperature and contamination of the molybde- 
num (a chemical analysis of which is not given), Redfield and Hill [9] determined the enthalpy of molybdenum in the 
200-1100° temperature range, with a + 4% scatter of the experimental points. Within the limits of this scatter, the 
experimental points obtained agree with the data of [9]. 
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CHEMICAL EXCHANGE REACTIONS IN SOLID PHASES, 
AND THE CONTACT BETWEEN REACTING SOLID PARTICLES 
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One of the necessary conditions for the carrying out of chemical reactions between solid materials is the crea- 
tion of close contact between particles of the reacting materials. The presence of such contact is also a necessary 
condition in order that the solid reaction product should exert a catalytic action on the course of the reaction, The 
absence of such action during mixing and grinding of solid reaction products with raw solid materials is explained by 
the poor contact of the introduced catalyst with particles of the reacting materials [1]. There is no experimental data 
confirming this hypothesis in the literature. Meanwhile, this point is of paramount importance for the understanding of 
the mechanism of heterogeneous chemical reactions and clarification of the nature of the autoacceleration observed 
in the reactions in question, Reliable methods permitting one to assess the contacts ensuring the occurrence of solid 
phase reactions under appropriate conditions have not yet been proposed, The utilization of radioactive isotopes for 
these ends [2] did not give positive results. Chemical analysis of the powdered mixtures, with the aid of solvents, 
leads to indirect ideas concerning the contacts. 


In the current work, on the basis of studies of a number of heterogeneous chemical reactions, by the method 
described below, it was experimentally shown that adequate contact for carrying out the reactions and, consequently, 
also for the catalytic action of the solid product if it is necessary for the autoacceleration of the reactions, is obtained 
by grinding or compressing the powdered solids, A number of important conclusions, of value for explaining the mechan- 
ism of solid phase reactions, can be drawn from the results which we obtained by this method. The proposed method 
is based on reactions which lead to the formation of products less stable, and decomposable with liberation of gaseous 
products at lower temperatures than the raw materials. 


We studied in detail solid phase reactions between silver sulfate and sodium sulfite. Both salts were heated for 
six hours in vacuum at 200° in order to remove adsorbed gases and moisture. The first salt melts without decomposition 
at 652°; the second decomposes at a higher temperature. These salts react under suitable conditions, forming sodium 
sulfate and silver sulfite; the latter, as we showed [3], decomposes into silver, silver sulfate, and SO, in the tempera - 
ture range 160-200°. The course of the reaction between AggSO, and NagSOg and the creation of contact between solid 
particles of the salts can be assessed from the change of pressure in the vacuum equipment. A mixture of the salts, 
prepared without grinding or compression, was heated in vacuum equipment for four hours at 190°. In this case libera- 
tion of gas was not observed. Evidently in this case adequate contact between the crystals for the carrying out of the 
reaction was not obtained, However, a mixture which had been preliminarily ground in a porcelain mortar for two 
minutes was 17.5% decomposed, calculated on the basis of the amount of silver sulfate entering into reaction, in 
vacuum at 190°, An unground mixture of silver sulfate and sodium sulfite compressed into tablets was 88% decomposed 
at 190°, with liberation of sulfur dioxide. This shows that grinding or compressing the mixture at room temperature 
ensures good contact between its components, bringing about the exchange reaction 


AgySOy -}- NagSO3 = AgeSOs -+ NagSOy. (1) 
With subsequent heating silver sulfite decomposes into metallic silver, silver sulfate, and sulfur dioxide: 


2Ag2SO3 = 2Ag -}- AgeSO, 


| 


The quantity of material reacting in accordance with Eq. (1) 


06; increases considerably with increasein duration of grinding, as is 
as evident from Fig. 1. In [4-7] it was shown that plastic deformation 
04 of single crystals of NaCl and Agl sharply increases their electro- 

| 03 Roo conductivity, this being connected with the formation of additional 


defects in the lattice at the boundaries of the blocks or in the vicinity 

of the dislocations [7-9]. Evidently such deformations must lead to 

increase in the diffusion coefficients of the ions in the crystal, in- 

0 0 2% 30 40 50 60 70 min creasing the possibility of solid salt reaction and intensifying the 

— course of the exchange reaction between the materials in the solid 

Fig. 1. Dependence of the proportion of silver _ state at low temperatures. The removal of one of the exchange re- 

sulfate entering into reaction on the duration action products, through its decomposition, considerably increases 

of heating at 190° and grinding. 1) Ground for _ the reaction rate. 

2 min; 2) ground for 5 min; 3) ground for 10 

min; 4) sample compressed without grinding. 


From the experiments it is evident that a mixture preliminarily 
ground for ten minutes 78% decomposed, and the mixture compressed 
without grinding 88% decomposed. It follows from Eq. (2) that only 
half of the suifur is theoretically evolved in the gaseous phase during 
thermal decomposition of silver sulfite. The other half remains in 
the solid phase in the form of silver sulfate. Hence, it follows that 
even with complete change of silver sulfate into silver sulfite during 
preliminary grinding the amount of sulfur in the generated gas should 
not exceed 50% of that contained in the original silver sulfate. In 
practice considerably more was obtained. Consequently, at the de- 
composition temperature there occurs not only thermal decomposi- 


0 20 7080 min tion of the silver sulfite formed during grinding, but also an ex- 
j= change reaction in the solid state between silver sulfate and sodium 

Fig. 2. Dependence of the proportion of de- sulfite. The decomposition is autoaccelerating and is described by 
composed material on duration of heating the equation « = 1—e7kt", with change of a from 0 to 0.4 the re- 
the mixture. 1) and 2) silver sulfate with action takes place in the kinetic region with exponent ns 4, and 
potassium oxalate at 190°; 3) and 4) nickel this stage probably corresponds to the decomposition of the silver 
sulfate with potassium oxalate at 305°; 5) sulfite formed during the preliminary treatment of the mixture. 
and 6) silver sulfate with sodium carbonate With a > 0.7, and up to the end of the decomposition, the process, 
at 190°; 7) and 8) calcium oxide with silver at the given temperature, takes place in the diffusion region with 


sulfate at 320°; 1), 3), 5) and 7) preliminarily | exponents n ~ 0.4, and the rate is determined by the rate of diffusion. 
ground; 2), 4), 6), and 8) compressed without The activation energy of the reaction occurring in the diffusion 
grinding. (Curves 5) and 8) are displaced up- region is calculated from the temperature relationship of the reac- 
wards by 0.3). tion rate constant, and amounts to 25.4 kcal/mole, which is consider- 

ably lower than the activation energy of thermal decoinposition of 
pure silver sulfite [3]. It is possible that in this case silver sulfite cannot form a new stable phase, because of ion dif- 
fusion, and decomposes with considerably more ease than does crystalline silver sulfite. 


In order to verify the results, we additionally studied the reactions in mixtures of silver sulfate with sodium 
carbonate, siiver sulfate with potassium oxalate, nickel sulfate with potassium oxalate, and calcium oxide with silver 
sulfate. In all these systems adequate contact for the carrying out of chemical exchange reactions at room tempera - 
ture was ensured by grinding, or compressing without preliminary grinding, the mixtures, Decomposition and exchange, 
by means of ion diffusion, reactions were observed in those temperature regions in which one of the products, forming 
as a result of the exchange reaction, proves to be unstable and decomposes. In our experiments such products were 
AgSOs, AgeCO3, AgC,04, NiC,O4, and Ag,O which decompose at an appreciable rate at 160° [3], 110° [10], 105° [11], 
270° [12], and 300° [13] respectively, and themselves considerably accelerate the exchange reactions taking place by 
means of ion diffusion in solid phases. 


The acceleration of the chemical reactions with foreign materials during preliminary grinding or compression 
of the raw materials, observed in some cases, can be explained, in the light of the above-given account, not by their 
catalytic action, but by the occurrence of an exchange reaction with the formation of thermally less stable materials 
which decompose at a high rate. The absence of such acceleration of the thermal decomposition of solid materials, 


ground or compressed with an introduced solid product, is not a result of poor contact between these materials, as is 
sometimes assumed, 
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From the study of radiation vulcanization of polydimethylsiloxane rubber (SKT) we have shown, along with 
other authors, that it is possible to prepare resins having increased thermal stability, Ref. [1]. Later, we established 
the fact that even greater thermal stability of the vulcanizates could be achieved by the radiation vulcanization of 
polymethylvinylsiloxane rubber (SKTV), containing about 0.1% vinyl groups, Ref. [2]. Here it was shown that the ther- 
mal stability of radiation vulcanizates of polysiloxane rubbers can be substantially increased by preliminary addition 
of compounds of metals having variable valence to resin mixtures containing different types of "white lamp black" 
(Silicon dioxide). As follows from the data of Table 1, the vulcanizates mentioned above substantially exceed the 
thermal stability of the usual peroxide types. This difference in thermal stability is so large, that, naturally enough, 

it cannot be explained simply by the presence in the resins of residual catalyst from the peroxide vulcanization, but 
it comer rather from peculiarities in the structure of the vulcanization network of the radiation vulcanizates. 


At the present time it can apparently be considered an established fact, that, as distinct from peroxide vulcaniz- 


ates of polydimethylsiloxanes, which are characterized principally by the corss linkages ssi ~CHeSiZ and 


Ssi-siZ, the fundamental type of cross linkage in the radiation vulcanizates is PSi—CH;—CHy—SIK, formed by 


the recombination of the free radicals SSi—CHs . This difference favors the increased thermal stability of the radia - 


tion vulcanizates both because of the greater stability of the C — C bond as compared with Si — C and Si — Si (re- 
spectiveiy 62.8, 57.6 and 42.5 kilocalories), and because of the possibility that, at high temperatures, a certain num- 
ber of double bonds may be formed in the resins according to the reaction 


Ai — CHz — CHa ~- SiC Si — CH = CH — 

which does not lead to rupture of the cross linkage and prevents destruction of the radiation vulcanizates at high 
temperatures, 


, 


In the vulcanization of SKTV rubber under the influence of radiation, it is possible to form a certain number 


of ssi — CH, — CH, — CH, — Si 3 bonds from the reaction 


— Si — CH = CH, -++-CH, —Si-— — Sie — 
H = -++ eCHy Si G CHe SIT 

>Si— Cth —CH, CH, 


Therefore, for the vulcanizates mentioned, the formation of a double bond by the scheme given above is more prob- 
able, and this is apparently what causes the high thermal stability of SKTV radiation vulcanizates, 


It is interesting to notice that the presence of peroxide SKTV vulcanizates of a known number of the bonds 
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> Si — CH, — CH; — Si é and > Si — CH, — CH, — CH: — Si é produces their greater thermal stability in 


comparison with the corresponding vulcanizates of SKT rubber. 


Under well defined conditions, vulcanizates may be prepared by the radiation chemical method, which have a 
more regular structure of the vulcanized network than the: peroxide types. This, in particular, explains what we noted 
above, that it is possible to prepare high thermal stability vulcanizates from polysiloxanes, Adding compounds of metals 
with variable valence, which can act as centers of secondary electron radiation, favors the formation of vulcanizate 
networks with a smaller number of defects, and these, consequently, give more thermal stable resins. Therefore, the 
radiation vulcanizates of polysiloxane which we prepared also have higher thermal stability (see Table 2). 


TABLE 1. Physical and Mechanical Constants of y -Vulcanizates of SKT and SKTV 
Rubbers After Aging at High Temperatures 


SKT, sample No, 1,| SKTV, sample No.1/SKTV, Sample No. 2, 
Dose 14,5 mg Dose, 7.4-10.2mg |Dose 7,4-10,2 mg 
a | b | a |b a | ic 
Original Materials “4 | i959} 0 | 51 | 34] 8 | 44 | 550] 5 
300° 10 24 hr periods | 35 160 0 42 320 2 38 360 7 
wes 38 80 2 29 210 0 36 150 8 
26 75 4 — on 37 110 6 
eS ee 39 135 2 47 340 0 35 270 | 412 
31 50 2 36 130 7 
77 8 30 70 | 26 _ 
350° 8 hours 26 100 2 25 200 | 14 
hate 22 50 0 25 80 4 27 195 | 45 
0 4.4.5 ” 17 160 2 20 175 | 18 os a eon 
ne 16 100 | 12 15 260 | 24 
380° os 15 410 | 42 on 
4 hour 26 50 3 11 60 0 


Note: In Tables 1, 2 and 3; a is the tearing resistance in KG/cm’, b is the relative 
elongation in percent, c is the residual elongation in percent. 


TABLE 2. Stability Properties of y and Peroxide Vulcanizates of The data of the present investigation show 
SKT at Different Temperatures that it is possible to prepare particularly high 
thermal stability vulcanizates from polysiloxane 
rubbers and this enables us to draw the conclusion 
a b c a b c that the actual stability of the Si — C bond in 
such vulcanizates is considerably higher than 


At 150° At 200° 


Sample 


40| 0 

one woulc expect from the data on the energy 
No. f rupture of this bond (57.6 kcal) 

No. 3 41 | 215 0 | 23 |200] 

No. 4 48 | 130 o |= = 


This fact, obviously, comes from the high 
intermolecular interaction both in the polymer 


itself and between the polymer and the filler 
which increases considerably asa result of the action of the radiation. 


It was natural to assume that it is possible to bring about a further increase in the actual stability of the bond 
in the vulcanized network of the polysiloxanes and, consequently, of the thermal stability, by adding materials to the 
resin mixture which favor the formation of new stable cross linkages, or “inoculated” chains, which increases the 
intramolecular interaction, Actually, adding halogenated polymers to the mixture leads to a further increase in ther- 
mal stability of the polysiloxanes. The data are given in Table 3. 


Similar results were obtained when the radiation vulcanization was carried out in vacuum i.e.,under conditions 


| 


which prevented the formation of weak cross linkages with oxygenofthe type - C-O-O-C-. 


1 


TABLE 3. Stability to Thermal Aging of y Vulcanizates of SKTV Rubber 
Containing “White Lamp Black" and Additions of a Halogenated Polymer 
at 330° (radiation in vacuum, dose 5.6 mg) 


Thermal Thermal Thermal 
Original aging 24hr aging 10hr | aging 12 hr 
Halogenated periods periods periods 
polymer 


a a a |b 


20 40 2) 41 2 | 36 2 
35 | 68 4| 67 6 | 54 5 |67 |] 65] 4 


The results that we have given thus enable us to explain the influence of the nature of the cross linkages, their 
true stability, and the regularity of structure of the vulcanized network on the thermal stability of vulcanizates made 
from polysiloxane rubbers. 
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THE EFFECT OF THE RADIOACTIVITY OF MOLYBDENUM TRIOXIDE 
ON THE VELOCITY OF ITS EVAPORATION 


Academician V. I. Spitsyn and I. E. Zimakov 


Inst. Physical Chem., Acad. Sci. USSR 
Translated from Doklady Akademii Nauk SSSR, Vol. 139, No. 3, 
pp. 654-657, July, 1961 

Original article submitted April 12, 1961 


During recent years a number of investigations have been reported which deal with the effect of radiation emit- 
ted by radioactive solids on heterogeneous physical-chemical processes which take place with the participation of 
these solids [1-9]. Specifically, the effect of the radioactivity of the solid phase on the kinetics of the solution and 
the solubility of some difficultly soluble substances has been noted [10-12]. In the work described at present an in- 
vestigation has been made of the velocity of the evaporation of samples of molybdenum trioxide containing different 
quantities of the radioactive isotope Mo” (Tj = 68.3 hrs). 


This isotope emits beta particles of high energy with Ea = 1.23 Mev (85%). 


Samples of molybdenum trioxide with specific radioactivities from 1.0 to 28.0 mCu/g were prepared under 
strictly uniform conditions, A mixture of the calculated quantity of the initial high-activity preparation with non- 
radioactive MoOs was converted by the action of NH,OH into ammonium molybdate. The solution of the latter was 
evaporated and the dry residue was calcined in the presence of small quantities of nitric acid in order to prevent re- 
duction of the hexavalent molybdenum by the ammonia. The MoOs prepared in this manner was mixed with small 
quantities of NbgOs and CrO, and, in order to free it from radio-chemical impurities, was sublimed at 850° in a weak 
air stream. For the investigation of the velocity of evaporation molybdenum trioxide with a particle size of 0.25-0.5 
mm _ was used, which was obtained by sifting through sieves of an appropriate mesh size. The samples of non-radio- 
active MoOs were prepared in a similar manner. 


The apparatus for investigation of the velocity of evaporation (Fig. 1) consisted of a vertical quartz tube one 
which was equipped in the middle with an inner ground joint tube into which the quartz crucible 3 of a special design 
was inserted. The top of the tube was equipped with the hermetically closing beryllium window 4, which was used 
in individual experiments for the irradiation of the MoOg with electrons from the outside during the experiment and 
also for placing into tube 1 the crucible and removing it from the tube. To the upper part of the reaction tube the 
tube 5, which served for supplying air into the apparatus, was fused on from the side. At the bottom of the reaction 
tube, there was an opening for the inlet 6, into which the thermocouple 7 reaching up to the bottom of the crucible 
could be inserted. At the bottom the reaction tube terminated in the vapor trap 8, which was cooled by means of 
liquid nitrogen, The quartz crucible 3 had the shape of a cylinder ending in a truncated cone. The cone had a ground 
surface on the outside and served for inserting the crucible into the quartz reaction tube. The bottom of the crucible 
consisted of a large porous quartz filter plate. The quartz reaction tube was placed into the electric furnace 9. 


The procedure used in the experiment was as follows: 


A weighed quantity of molybdenum trioxide amounting to approximately 300 mg was spread uniformly on the 
bottom of the crucible, which was then placed into the reaction tube. At the temperature of 700°, which was kept 
constant by means of a temperature controller with a precision of + 2°, a stream of dry air was passed through the 


MoOs with a velocity of 8 ml/min. The crucible was removed from the tube every 15 minutes and then cooled and 
weighed. 


The results obtained in the experiments are shown in Figure 2, All data plotted represent the results of several 
parallel experiments. For preparations with the same specific radioactivity, the velocity of evaporation of MoO was 
found to remain practically constant. This velocity changed depending on the level of radioactivity and in a number 
of cases was found to differ significantly from the velocity of evaporation of non-radioactive samples. 


if 
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Velocity of the Evaporation of MoOs in Relation to the Specific Radioactivity of 


the Samples 
No. of |Specific quantity No. of i Specific | ¢ Observed 
t -lradioac- | Of MoOg3 eva - evi the pre4 radioac-| ofMoOgeva devia- 
in intwo ho tivity in rted fh two from 
mC Cu/g ours, mCu/g ours, 


inactive 0,1240 
2 1,0 0,1240 
3 2,0 0,1240 
4 2,5 0,1217 
5 3,0 0,1184 
6 4,0 0,1125 


Fig. 1. Arrangement of equipment for the 
investigation of the velocity of evapora- 
tion. 
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Fig. 2. Velocity of evaporation of MoOs 
having different specific radioactivities. 
1) Inactive MoOg and prepartions with 
specific radioactivities of 1.0 and 2.0; 
2) 3.0; 3) 4.0; 4) 5.0; 5) 7.0; 6) 8.4; 7) 
14.0; and 8) 28 mCu/g. 


5,0 7 5,0 0,1148 3,5 

8 7,0 0,1458 5,0 
6,0 9 8.4 0.1514 7,0 
5,4 10 10,0 0,1556 4,5 
6,0 11 14,0 0,1600 5,0 
5,0 12 20,0 0,1623 6,0 
5,0 13 28,0 0,1669 6,0 


Figure 3 and the table give data which indicate the de- 
pendence of the quantity of molybdenum trioxide evaporated in 
two hours on the radioactivity of the preparations investigated. 
One may conclude that at a magnitude of the relative radioac- 
tivity amounting to 2.5-3 mCu/g the samples of MoO had a 
velocity of evaporation which did not differ from that of non- 
radioactive samples. At specific radioactivities from 2.5 to 4 
mCu/g some reduction of the velocity of evaporation was ob- 
served. In the radioactivity range from 4 to 9 mCu/g there was 
a rapid decrease in the velocity of evaporation. As the specific 
radioactivity increased still further, the rate of increase of the 
velocity of evaporation was reduced. 


Already P, and M. Curie [13] found that electrical charges 
originate on the surface of radioactive substance because of the 
emmision of beta particles by them. One of the authors of this 
article and his collaborators pointed out that the phenomenon 
in question may have a significant effect on processes of the 
dissolution of radioactive substances [10]. Charges which form 
on the surface of a sample by reason of radiation due to radio- 
activity must also exert an effect on processes of evaporation. 
Indeed the formation of charges must result in a stronger inter- 
action between the surface of the solid and the molecules of 
vapor which are located in the vicinity of the phase boundary. 

In MoOg molecules the central atom of molybdenum is surrounded 
by three negatively charged oxygen atoms. For this reason a posi- 
tive charge on the surface of solid MoOsz, which is due to the 
continuous emmision of beta particles, must prevent the transfer 
of MoOgs moleules into the vapor. To check the correctness of 
this assumption the following experiment was conducted. Into the 
crucible containing a radioactive sample of MoOg a grounded 
platinum wire was introduced in such a manner that it was in 
contact with the sample. The results obtained by measuring the 
velocity of evaporation under these conditions are shown in 
Figure 4, The minimum, which is clearly seen on figure 3, dis- 
appeared under these conditions. Furthermore, the curve expres- 
sing the relation between the extent of evaporation of MoOs 

and the relative radioactivity of the preparation had a course 
which was more smooth than that observed when the charge was 
not conducted away. Thus, one may regard as established that 
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the charge which forms on the surface of MoOs is actually the cause of the decreased velocities of evaporation in the 
range of specific radioactivities from 2.5 to 4 mCu/g . 


mg - , One may assume that the increase in the velocity of evaporation of 
MoOs at specific radioactivities higher than 4-5 mCu/g depends to a 
considerable extent on radiation phenomena in the gas phase. The power- 
ful stream of beta particles must ionize the evaporating MoO molecules 
and bring about, quite specifically, formation of MoOg ions with the re- 
sult that MoOs is repelled from the surface. In addition to that the radia- 
tion strongly changes the structure of the surface of crystals, producing an 
increased development of this surface. Electron-microscopic pictures 
= \ Fi showed that there is a great difference between the shape of the surface 
of radioactive MoOs preparations and that of the surface of non-radioac- 
Specific activity tive preparations of this oxide [14]. Non-radioactive samples, beginning 
Fig. 3. Dependence of the extent of precisely with those having a specific radioactivity of 4 mCu/g or higher, 
evaporation of MOOs on the specific had a crystal surface which exhibited many uneven spots, protuberances, 
radioactivity of preparations. and depressions, the number of which increased as the specific radioac- 
mg tivity became higher. 


Quantity of MoOgs which sub- 
limed in two hours 


One must note that the velocity of evaporation of MoOs after external 
irradiation of the preparation with a stream ofelectrons having an energy 
of 800 kev for all practical purposes started to increase only at magnitudes 
of the dose of an order of 10® ev/ gsec. The effect of radiation due to 
radioactivity began to be noticeable already at considerably lower magni- 
tudes of the dose. 


sublimed in 15 minutes 


It has thus been shown on the example of preparations that 

1 3 5 6 icy /f the kinetics of the evaporation of radioactive solids depends on the level 
Specific activity of the radioactivity of these solids. A significant role in this phenomenon 
Fig. 4. Effect of conducting away the is played by several factors: the charge of the surface produced because 
surface charge on the velocity of of the emission of charged particles, the change in the characteristics of 
evaporation of MoOs. 1) Experiments the surface of crystals under the action of radiation, and radiation pheno- 
in which the charge was not conducted mena in the gas phase. 

away; 2) experimentsin which the 
charge was conducted away. 


Quantity of MoOg3 which 
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EFFECT OF FLUORESCENCE QUENCHERS ON THE FLUORESCENCE 
SPECTRA OF SOLUTIONS OF SOME ANTHRACENE AND PHTHALIMIDE 
DERIVATIVES IN MIXTURES OF SOLVENTS 


A. S. Cherkasov 


(Presented by Academician A. N. Terenin, February 27, 1961) 
Translated from Doklady Akademii Nauk SSSR, Vol. 139, No. 3, 
pp. 658-661, July, 1961 

Original article submitted February 27, 1961 


In a series of papers it was shown that the fluorescence spectra of 1- and 2-acetylanthracene [1], 9-aminoan- 
thracene [2] and derivatives of phthalimide [3-5] very much depended on the solvent. By using water or alcohols as 
solvents instead of saturated hydrocarbons in which the fluorescence spectra occupy the extreme shortwave position, 
the maxima of the spectra were displaced a few thousand reciprocal centimeters towards lower frequencies. The ab- 
sence of any substantial difference in the effect of different solvents on the absorption spectra of these compounds, 

the decrease in the displacements of fluorescence spectra in hydroxylic solvents according to the increase in their 
viscosity [6], and also the nature of the changes in the appearance of the fluorescence spectra and their displacement 
on introduction of very small amounts of “active” solvents into the inert solvents [1,2,7], lead to the conclusion that 
the solvent interacts very much more strongly with excited molecules than with unexcited molecules, and that dur- 
ing the lifetime of the molecules in the excited state the process of reorientation of the solvent molecules surrounding 
them occurs so that a new distribution equilibrium is established. 


If the time for attainment of the orientation equilibrium (depending particularly on the solvent viscosity) is 
comparable with the lifetime of the excited state, then the experimentally observed fluorescence spectrum must ap- 
pear asaresult of superimposition of radiations from different radiating centers-excited molecules with different degrees 
of orientation of the solvent molecules around them, The extreme longwave radiation in this case must arise mainly 
from molecules having the greatest lifetime in the excited state, since distribution of the solvent molecules closer 
around them will approach equilibrium and consequently their effect will be stronger. 


We confirmed this assumption by direct measurements carried out with the IF-39* phase fluorometer. It was 
established that on excitation, by modulated light of the fluorescence of a 2-acetylanthracene solution in glycerine, 
the radiation emitted from the longwave part of the spectrum (~ 520 mi) was displaced in phase relative to the radia- 
tion emitted from the shortwave region (~ 436 mu). The greatest difference in phases, observed at a temperature of 
-5°, was equal to 28°, which from the exponential laws of decay would correspond to a 8 - 10-° greater duration of 
the longwave radiation compared with the shortwave. 


The presence of different radiating centers may also give rise to a change in the fluorescence spectra on intro- 
ducing fluorescence quenchers into the solution, whereby the most likely result should be a displacement of the spectra 
in the shortwave direction because of the shorter lifetime of the excited state of the centers responsible for the short- 
wave radiation.** However the detection of this effect in single-component solvents is difficult owing to the fact 
that at low solvent viscosities the equilibrium state may be established for a period considerably less than the life- 
time of the excited state, and at higher viscosities there is a low rate of diffusion of the solvent. We investigated at 
room temperature the fluorescence spectra of solutions of 2-acetylanthracene in methyl and isobutyl alcohols, con- 


taining p-toluidine, as the quencher (Fig. 1), Although in these solvents at toluidine concentration of > 107! mole/1 
there is observed some displacement in the shortwave - length direction, the possibility of a change of the solvent properties 


at such large quencher concentrations does not permit a simple interpretation of this phenomenon, 


* The work was-carried out jointly with V. I. Shirokov. 

** In passing we note that the longer lifetime of the centers responsible for the longwave part of the spectrum may 
cause, on excitation with polarized light, the appearance of a dependence of polarization of the fluorescence in the 
fluorescence spectrum (increase of depolarization in the longwave part) in the range of solvent viscosities, insufficient 
to exclude rotary depolarization. 
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We obtained quite clear results by investigating the ef- 
fect of quenchers on the fluorescence spectra of solutions of some 
anthracene and phthalimide derivatives in mixtures of solvents. 
Earlier it was shown [1,2] that addition of even very small a- 
mounts of “active” (causing strong displacement of the spectra) 
solvents to hexane solutions of acetylanthracene or aminoan- 
thracene caused a strong longwave displacement of the fluor- 
escence spectra, which is connected with the formation of 
associations of excited molecules with active solvent molecules. 
Addition of certain solvents to the solutions of a number of 
phthalimide derivatives also showed an analogous effect. In the 
present case, at certain concentrations of the "active" solvent, 

as well as in single-component solvents at certain viscosities, 

c ? the fluorescence spectra are complex and most longwave radia- 
tion must be emitted by the excited molecules around which 

the distribution of active solvent molecules most closely ap- 
proaches equilibrium. Obviously these will be mainly the longest 
lived excited molecules and consequently it is possible to ex- 
pect their quenching to be greater as long as the probability of 
quenching on one collision is not considerably greater for short- 
lived centers. 


Fig. 1. Dependence of the fluorescence quan- 
tum yields of 2-acetylanthracene (1-5) and 3- 
aminophthalimide (6-8) on the quencher con- 
centration (T), 1-4: solvents n-hexane, n- 
butanol, methanol, hexane + methanol (0.25 
mole/1) respectively, T = p-toluidine; 5: 
solvent: hexane + methanol (0.25 mole/]), 


T = p-dimethoxybenzene; 6-8: solvents n- We investigated the effect of quenchers (p-toluidine and 
hexane, n-heptane + n-butanol (0.017 mole/1), p-dimethoxybenzene) on the position of the fluorescence spectra 
n-heptane + pyridine (0.015 mole/1) respectively, of solutions of 2-acetylanthracene, 3-aminophthalamide and 

T = p-toluidine. 4-dimethylamine-N-methylphthalimide* in n-hexane (n- 


heptane) containing very small amounts, 0.015-0.25 mole/1, 
of active solvent. The results obtained are presented in Fig. 2, from which it is seen that the presence of methanol 
(0.25 mole/1) in hexane solutions of acetylanthracene, and of n-butanol (0.017 mole/1) or pyridine (0.015 mole/1) 
in solutions of phthalimide give rise to a displacement of the fluorescence maxima of 1000-1800 cm”! in the direc- 
tion of lower frequencies, In the case of 2-acetylanthracene, which in pure hexane has a spectrum with a well defined 
vibrational structure, the addition of alcohol also causes a complete blurring of the vibrational structure. If now a 
quencher is added to these solutions then simultaneously with the decrease in the total fluorescene yield (Fig. 1) there 
is also observed a displacement of the spectra in the direction of higher frequencies, their approach to the position 
characteristic for pure hexane solutions corresponding to the increase in the quencher concentration. In the case of 
acetylanthracene there is observed not only displacement of the spectrum but also the appearance of vibrational 
structure i.e.,in its appearance the spectrum begins to resemble more and more the spectrum in pure hexane. Compari- 
son of the effect of p-toluidine and p-dimethoxybenzene (Fig. 2 (a) and (c)) show that at equal concentrations in 
solution the latter causes the smaller effect, in complete agreement with its lower quenching power (Fig. 1). By intro- 
duction of a quencher into hexane solutions, not containing an active solvent, only fluorescence quenching is observed 
and no changes in the fluorescence spectra occur (Fig. 2, (a) and (d)). 


It may be noted, that an effect, analogous to the action of quenchers was observed earlier [7] by adding to 
hexane solutions of 2-acetylanthracene containing very small amounts of alcohols, such solvents as ether, dioxane 
and pyridine, Addition of these substances also causes displacement of the spectrum in the direction of lower frequencies 
and its approximation to the characteristic appearance of the spectrum in pure hexane, but their action was explained 
by the formationofhydrogen bonds with the alcohol weakening its action on the excited acetylanthracene molecules. 
However, although this effect can occur by quenching (the quenchers employed are able to form hydrogen bonds with 
acetylanthracene and phthalimides) its role cannot be very great. This follows from the fact that the effect of ether, 
dioxane and pyridine becomes appreciable only at concentrations close to or exceeding the alcohol concentration, 
whereas quenchers cause an appreciable displacement of the spectrum at concentrations of nearly two orders less. In 
addition the intensity of interaction of the excited molecules of the investigated phthalimide with alcohols is apparently 
stronger than in the case of acetylanthracene, and addition to their solutions of substances able to form hydrogen 


* We take this opportunity to express thanks to V. V. Zelinskii for providing the phthalimide samples. 
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Fig. 2, Effect of fluorescence quenchers on the fluorescence spectra of 2- 

acetylanthracene (a,c), 3-aminophthalimide (d,e), and 4-dimethylamino- 

N-methylphthalimide (c.f). Solvents: a) Hexane + methanol (0.25 mole/1) 

+ p-toluidine (1,2,5); c) hexane + methanol (0.25 mole/1) + p-dimethoxy- 

benzene (1,3,5,6); b) hexane + butanol (0.017 mole/1) + toluidine (1-4), f 

(1); b) hexane + butanol (0.068 mole/l) + toluidine (9, 10): d) heptane + 

butanol (0.017 mole/1) + toluidine (1-3,5); 3) heptane + pyridine (0.015 

mole/1) + toluidine (1,2,5); f) hexane + butanol (0.017 mole/1) + dioxane 

(0.6 mole/1)(11); (a)-(d) hexane (heptane) + toluidine (7,8). Quencher 

concentrations: 1,7,9-0;2-5. 107%, 10-?; 1072, 4=95 10-?; 

5-3. 107*; 107? mole/I. Luminophore concentration: 2+ 1075-5 

- 1075 mole/1. 
bonds with alcohol, has very little effect on the spectra. Thus, for example, the presence of 0.017 mole/1 (0.125 
total %) n-butanol in a hexane solution of 4-dimethylamino-N-methylphthalimide displaces the maximum of the 
fluorescence spectrum by 1700 cm=! (Fig. 2 (b)). Addition to this solution of even large amounts of dioxane does not 
cause a shortwave displacement of the spectrum (Fig. 2 (c)), whereas, for a toluidine content of only 5 - 10-* mole/1 
there is readily observed a very appreciable displacement. 


From the results obtained in the investigation of the effect of fluorescence quenchers on fluorescence spectra 
it follows that interaction of active solvents with excited molecules is a process competing with the quenching pro- 
cess i.e. ,it occurs during a time comparable with the lifetime of the excited state. This result seems to be of interest 
in connection with the fact that addition of an active solvent to hexane solutions of acetylanthracene leads to an in- 
crease in the fluorescence quantum yield [8] and consequently there are stronger reasons to assume that the deactiva- 


tion processes, which cause a lower yield in pure hexane solution, are not “instantaneous” but also proceed during a 
time of the order of the lifetime of the excited state.* 


*Such a suggestion was made earlier [9] also on the basis of the closeness of the values of To calculated from the 
longwave absorption band to the values of the ratio of T exp, to the fluorescence quantum yield [10]. 
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THE 12 -LAW IN THE RADIOLYTIC OXIDATION 
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Apparently Haber [1] when assuming a triple collision of the H-atom, H*-ion and the molecule of the reducing 
agent was the first to point out that oxidative reactions of H-atoms are possible. Weiss [2] proposed reaction (1) as the 


first stage in the oxidation of Fe** by H-atoms. He considered the oxidation to be the simple transfer of an electron 
according to reaction (5) 


H+H* (1) 
+ H (OH)~ + He; 


(2) 
Fe?+ -+ H — Fe**H; (3) 
FetH Ht +- He; 
HH Hy; 
4 Hi» Fe®* + He; 4) 


-+ Fe*+ |- OH + OH-. (6) 


This opinion was supported by Allen and others but it has often been questioned. So, Uri [3] thought that the H- 
atom may oxidize in an aqueous solution without intermediary formation of the Hy , for instance, according to reac- 
tion (2). Recently, Halpern, Czapski and others [4,5] brought forward arguments to the advantage of the formation of 
an iron hydride ion by reaction (3) as an intermediary product in the radiolytic oxidation by H-atoms. Dainton and 
Peterson [6] while not excluding that reaction (1) is possible pointed out that the H-atom, which is unable to oxidize 
Fe”*, at low pH may be solvated by an electron, The presence of such a solvated complex in radiolysis was assumed 
by Weiss [7]. So, there exist various opinions on the mechanism of the Fe?* oxidation by H-atoms in radiolysis. In 
order to specify the reaction mechanism we attempted to apply Allen's model and the 12 -law, which, as we have al- 
ready shown [8,9], enable one to investigate radiolysis reactions in more detail. 


Carefully outgassed solutions with various FeSO, concentrations at various pH were exposed to irradiation from 
a Co™ source at various radiation intensities I (the intensity was determined by irradiating a solution of bivalent iron 
in 0.8 N H,SQ,) and the initial yield G or iron oxidation was measured. Moreover, the value of G was measured in a 
broad range of FeSO, concentrations in 0.8 N H,SO,. As is evident from Figs. 1 and 2, in 0.8 N H,SO, the yield is al- 
most independent of the FeSO, concentration in a range of nearly three orders of magnitude and, whereas it drops at 
a raised pH, it is independent of the said concentration just as before. When the irradiation intensity is changed from 
a certain value I, to Ip, the plot of G versus pH is shifted parallel to the logarithmic (pH) axis in quantitative agree - 
ment with the theory of the 12 -law [8], that is, the shape of the curve remains unchanged and in its new position it 
is found to be shifted over a distance log(I, / 1,)2 from its previous position. 


As has already been noted [8,9], Allen's model implies two approximations: 1) the initial yields of molecules 
and radicals are assumed to be independent of the acceptor concentration; 2) the equations of homogeneous chemi- 
cal kinetics are applied to the reactions of the primary radiolysis products. In our case the fact that G is independent 
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Fig. 1. The oxidation yield plotted versus 
pH for the following irradiation intensities 
(in ev/liter sec) and FeSO, concentrations; 
a) 0.05 N; b) 0.01 N, I, = 9-3-10"8; c) 0.05 
N; d) 0.01 N, Ip = 3-410"; e) 0.005 N, Ig = 
= 2-5 10"; f) 0.001 N, I = 4 - 8-10” accord- 
ing to [16], The continuous curveswere drawn 
from equation (1) with k;/k4? = 3°107%, 
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Fig. 2. The oxidation yield G as a function 
of the FeSO, concentration in 0.8 N at I = 
= 9- 3-10" ev/liter sec. 


of the Fe?” ion concentration at a small pH proves that approximation 1) of Allen's model is permissible and the oc- 
currence of the I} -law at high pH indicates that there is a good quantitative agreement between approximation 2) 
of the said model and the experimental results for the radiolytic reaction discussed. 


(m 21) H,O = (n 2k) = mOH + /H,O, + nH + 


when assuming a stationary state we get the following relation 


The reason for the quantitative agreement, as regards the 
i -law, between Allen's model and the radiolytic reaction is 
a quite general one [8, 9], since it does not require the intro- 
duction of any empirical constant, as are, for instance, the 
values of the initial yields of Hp, HyO2, H and OH or any as- 
sumptions on the kinetics and the mechanisms of the reactions 
occurring in the solution. Therefore, such a basis seems more 
convincing than the model calculations given in the literature 
[10-13], which require the introduction of numerous empirical 
constants and at the same time overlook the interaction between 
radicals originating in one and the same track. We note that the 
occurrence of a reaction between radicals from different tracks, 
which in the case considered, possibly, takes place according to 
reaction (4), is clearly visible in Fig. 1. In fact, the lowering 
of G with pH proves that the recombination rate of the oxidizing 
radicals begins to exceed the rate in which they are consumed 
by the acceptor, that is, by the H*-ion. However, by lowering 
I, that is, by increasing the mutual distance of the tracks we 
raise G, that is, we hamper the recombination. The fact that 
the recombination is hampered, when the tracks are drawn a- 


part, points clearly to a reaction between radicals from dif- 
ferent tracks. 


The quantitative agreement between Allen's model and 
the radiolytic reaction, as is shown here, enables one to specify 
the reaction mechanism. The fact that G is independent of the 
FeSO, concentration and dependent on the pH and I proves that 
only H*-ions and no Fe?*-ions take part in the slow step of the 
radiolytic oxidation of iron, This excludes the possibility that 
the triple collision contributes noticeably to the oxidation pro- 
cess and it excludes also reactions (2) and (3). From the reac- 
tions proposed in the literature only (1) is in agreement with 
our experimental data and, therefore, the Ht+-ion should be 
considered here as the acceptor of the H-atom. 


That H*-ions apparently act as acceptors of H-atoms has 
already been shown by one of us [15] in the example of competi- 
tion between H*- and UO§* - ions for an H-atom in the oxida- 
tion of Fe**-ions where also no participation of the latter in 
the competition was found, It is evident that the same pheno- 
menon was observed in the paper [16] for the competition be- 


tween H+- and Fe**-ions for an H-atom. The assumption that reaction (1) is the slow step in the oxidation by H- 
atoms and also the hypothesis that H+ competes with the various acceptors of H without the Fe?" -ion to be oxidized 
participating in this competition give, seemingly, the only possible explanation for the dependence of G on the pH 
or on the concentration of H acceptors and the independence on the concentration of the Fe’ * -ion itself, By taking 
into account the reactions (1) and (4) and writing down Allen's equation for the initial yields 
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relating G to [H*] and I. With k,/ ka? = 3+ 10°? it is in good, quantitative agreement with the experiments. In the 
derivation of equation (8) it was assumed that the HyO, and OH particles oxidize iron according to reaction (6) and 

Hg’ does this by reaction (5). From Fig. 1 it is evident that the yields m, 1, n, k of the primary radiolysis products in 
reaction (7) do not depend on the pH. So, G at rising pH falls from 8.2 to ~ 5,0 and this seems to indicate that the 
initial yields of oxidizing particles decrease at rising pH, however, by lowering I one may get G = 8.2 even at high 

pH values and, therefore, actually the initial yields m, 1, n, k do not depend upon-the pH. This observation strictly 
tallies with the two approximations in Allen's model and, obviously, at present the latter is a basis for a more exact, 
quantitative theory of radiolysis by y -radiation in aqueous solutions for a great group of radical acceptors. The indica - 
tions, as exist in the literature [16], that the yields of Hy, HO, H and OH depend on the pH have been derived with- 
out the 14 -law in rad iolysis being taken into account. In fact, in Fig. 1 data from the paper [16] are shown and they 
lie on the curve corresponding to the value of I used in the said paper. The competition between reactions (1) and (4) 
and the applicability of Allen's model make it possible to measure the activation energy of reaction (1), as has al- 
ready been shown by one of us [17]. Judging from the magnitude of the parameter k,/K,? , this energy must be con- 
siderable, Elsewhere [18] we have published some data on the activation energy of oxidations by H-atoms. 
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It is known [1,2]that many alkyl-substituted phenols are capable of forming kinetically stable radicals on oxida- 
tion, The formation of the radicals takes place by removal of the hydroxyl hydrogen. As a result of further reactions, 
these primary phenoxy radicals give products which may also in turn form secondary stable radicals. Since the forma- 
tion of the primary and secondary radicals takes place simultaneously and in parallel, the reaction mixture usually 
contains radicals of two and sometimes several types. The study of these processes by electron paramagnetic resonance 
methods under ordinary conditions is made difficult by the superposition of the spectra of the radicals and the com- 
plexity of their interpretation, For reliability in analyzing the spectra, it is necessary to carry out preliminary separa- 
tion of the radicals and to study their separate e.p.r. spectra. We have carried out the separation for the case of the 
radicals of 2,6-di-tert-butyl-4-methylphenol (ioncl). 


The e.p.r. spectrum of the primary ionol radical is shown in Fig. 1. The quadruplet with splitting between the 
components of 11.4 oe and intensity ratio of 1:3:3:1 is produced by the interaction of the unpaired electron with the 
protons of the methyl group in the para position to the oxygen atom, Each component of the quadruplet is split into 
three lines with an intensity ratio of 1:2:1 and a distance of 1.7 oe between them. This splitting takes place at the two 
equivalent protons in the meta position of the benzene ring. The splitting at the meta protons and the low value of 
the splitting at the protons of the methyl group compared with the CHg radical (26 oe) [3] indicates delocalization 


of the unpaired electron over the ring, which is also one of the reasons for the stability of this radical, The primary 
radical is formed when ionol is oxidized by lead dioxide, when it reacts with benzoyl peroxide or cyclohexyl per - 
oxycarbonate, and also during the photolysis and radiolysis of ionol [4]. When ionol is oxidized with lead dioxide, 
the formation of the primary radical is accompanied by the simultaneous formation of secondary radicals which 
complicate considerably the e,p.r, spectral picture, 


The radicals were separated by paper chromatography [5]. Toluene, ethyl alco- 
hol and carbon tetrachloride were used as mobile phases. Specimens were removed 
from the oxidized hydrocarbon solution of ionol and applied in the form of a band 
close to the lower edge of a strip of filter paper. The strip was dried and the lower 
end was immersed in the solvent being used as mobile phase. The best separation was 
achieved by elution with 96% ethyl alcohol. In this case the applied band of oxidized 
ionol solution showed a sharp separation into two fronts: a lower orange front with 
Rf = 0 and an upper yellow front with Rf = 1. A typical chromatogram is shown in 
Fig. 2. The chromatogram on the paper was dried and cut into 
sections, each of which were placed in the resonator of an EPR-2 spectrometer [6], 
after which the e.p.r. spectra were recorded. It was shown that the first yellow sec- 
tion of the chromatogram gives an e.p.r. spectrum which coincides exactly with that 
shown in Fig. 2. The second, orange section gives a spectrum consisting of a doublet 
with a component intensity ratio of 1:1 and a splitting of 14.5 oe (Fig. 3). When this 
section of the paper was moistened with solvent (benzene, toluene, CCl4), the spec- 

trum was converted to a different form — a triplet with component intensity ratio 
5 oe | 1;2:1 and splitting of 8.2 oe (Fig. 4). Each component of the triplet is split into 3 
lines with intensity ratio 1:2:1 and a distance between them of 1.8 oe. Removal of 
the solvent of freezing of the solution with liquid nitrogen caused the triplet to be 
converted back to the doublet. These triplet — doublet conversions are reversible. In 
the solid phase (crystal or frozen’solution) the doublet is always observed, and in 


Fig. 1. E.p.r. spectrum of the 
primary ionol radical. 
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solution the triplet is always observed. These conversions are 
independent of the presence of paper in the solution or of the 
presence of atmospheric oxygen. The latter leads merely to 

a blurring of the superfine structure of the components of the 
triplet. 


Analysis of the e.p.r. spectrum given in Fig. 4 shows that 
it must be due to a secondary radical, produced from the 
phenol 


C (CHs)s (CHs)s 


HO =< Cy ___ OH, 


‘C (CHs)s 
Fig. 2. Paper chromatogram for ionol radicals. 
A) First front on chromatogram; B) second front. 
The arrow indicates the direction of flow of 
solvent. 


by removal of one of the hydroxyl hydrogens. This phenol is 
in fact one of the chief products of the oxidation of ionol [7]. 


The triplet — doublet conversion is explained as follows. 
In the solution there is free rotation about the C — C aryl — 
| alkyl bond and the unpaired electron reacts with both of the 
two equivalent protons of the CH group. In the solid phase, 
a, due to the rigidity of the structure of the surrounding lattice, 
| | en: the tetrahedral angles around the carbon atoms of the CHz 
| group are so arranged that the unpaired electron interacts 
| only with that proton of the CH» group, lying in a plane per- 
| pendicular to the plane of the ™ -orbital of the unpaired elec- 
tron. At room temperature in the crystal, torsional vibrations 
Fig. 3. E.p.r. spectrum of the secondary ionol radi- around this C — C bond are still possible. The splitting between 
cal in the solid phase. the components of the doublet in this case amounts to 14.5 oe. 
The existence of the more rigid lattice (at the temperature 
of liquid nitrogen) further restricts the possibility of such move- 
ments, so that the splitting between the components of the 
doublet increases to 18.5 oe, and each of the components 


ae becomes broader. 


The analysis of e.p.r. spectra gives information on the 
behavior of radicals in solution and in a rigid lattice. 


In addition to the separation of radicals of different 
types, the separation of radicals from the corresponding mole- 


Is ie cules is also possible. We have carried out this separation for 
the diphenylpicrylhydrazyl — diphenylpicrylhydrazine system. 

Fig. 4. E.p.r. spectrum of the secondary ionol radi- Chromatography with aqueous alcohol mixtures of definite 
cal in solution. composition as mobile phase made it possible to separate the 


molecules and radicals, which were applied as a mixture to 
the lower edge of a strip of filter paper. In this case the leading front moving with the solvent on the chromatogram 
contained the radicals and the second, immobile front contained the molecules, which were firmly adsorbed on the 
paper. 


We suggest that the application of chromatography shows that it is possible to separate and isolate stable radi- 
cals, and this will assist the more extensive study of these radicals. 
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It is known that solutions of wetting agents, above a critical concentration of micelle-format'on, form two- 
phase systems whose disperse phase consists of associates of individual molecules, called micelles [1-5]. The micelles 
exist in mobile reversible equilibrium with the nonassoeiated fraction of the molecules and ions of the wetting agents 
in the solution, Change in the temperature and parameters of the dispersion medium influence their oleophilic nature, 


The micellar structures of wetting agents and the dispersion medium of a colloidal solution are altered 
considerably under the influence of electrolytes and polar organic substances, which in practice are called active 
additives [6,7]. Active additives play an important part in the formation of the micellar structures in the solutions 
and are responsible for their many properties of practical importance, At the present time it is generally assumed 
that without active additives it is impossible to obtain a high-quality wetting agent based on known synthetic sur- 
face-active substances [7, 12]. 


mole/mole of soap mole/mole of soap 
: 
= 
> 
05° 15 25 mole/mole of soap 05 15 25mole/mole of soap 
Quantity of phosphates added Quantity of phosphates added 
Fig. 1. Curves showing the relationship Fig. 2, Curves showing the relationship 
between the effects of solubilization of between the effects of solubilization of 
toluene in 0.1 M sodium laurate solution heptane in 0.1 M sodium laurate solutions 
and the quantity of added phosphates: 1) and the quantity of added phosphates: 1) 
Sodium hexametaphosphate; 2) tripoly- Sodium hexametaphosphate; 2) tripoly- 
phosphate; 3) pyrophosphate; 4) phosphate. phosphate; 3) pyrophosphate; 4) phosphate. 


The critical concentration of micelle-formation and the solubilizing power of wetting agents in solutions are 
characteristic and specific properties of these agents [8, 9]. Factors influencing these properties will alter the lyo- 
philic nature of the wetting solution. It may be expected that phosphate additives shift the equilibrium in the solu- 
tion of wetting agent towards the formation of more oleophilic micellar structures exhibiting an increased wetting 
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and solubilizing power. In order to confirm this assumption, we carried out a special study to examine the influence 
of phosphates and polyphosphates on the solubilization of hydrocarbons in soap solutions, 


The experimental data for the limiting solubilization of toluene and heptane in 0.1 M solutions of sodium lau- 
rate and naphthenate in the presence of different quantities of phosphate and polyphosphate are given in Fig. 1-3. The 
determination of the solubilization was carried out by the direct volumetric method previously described [11]. 


Examination of the curves showing the relationship between the effects 


mole /mole of soap of toluene solubilization and the addition of increasing quantities of sodium 

Ist hexametaphosphate, tripolyphosphate, pyrophosphate and phosphate shows 
3 zs that all the phosphates studied increase the solubilizing power of sodium 
2 25} - laurate solutions (Fig. 1). A marked difference is observed, however, in the 
3 1 increase in the solubilization effects for different numbers of phosphorus 
ie atoms in the molecules of the added phosphate. Thus for example when up 
2 ag to 0.5 mole of sodium phosphate and hexametaphosphate per 1 mole of soap 
3 a7 2 are added, the solubilization of toluene in solution increases by factors of 
2 1.3 and 4.76 respectively (Fig. 1, Curves 1,4), The influence of the addition 
) as of pyrophosphate and tripolyphosphate on the solubilization effects occupies 
= an intermediate position, An analogous regularity in the increase in the solu- 
S Q3 bilization in sodium laurate solutions is observed for heptane under the in- 
& fluence of added sodium phosphates (Fig. 2), In 0.1 M sodium laurate solu- 

a i§ i ran ofsoap tion in the absence of phosphate additives, approximately 0,13 mole of hep- 
Quantity of phosgliates added tane is solubilized per mole of soap. When 0.5 mole of phosphate and hexa- 
metaphosphate are added, the solubilization of heptane in the same soap solu- 

Fig. 3. Curves showing the relation- tion increases to 0,19 and 0,77 mole per mole of soap, or by factors of 1.4 
ship between the effects of solubili- and 5,9, respectively. Comparison of the experimental data shows that the 
zation of heptane in 0.1 M solutions addition of the phosphates studied increases the solubilization of heptane in 
of sodium naphthenate (mole. wt. the soap solution to a greater extent than the solubilization of toluene, In 
270) and the quantity of added phos- the study of the solubilization of heptane in 0,1 M solutions of sodium naph- 
phate: 1) sodium hexametaphosphate; — thenate (mol, wt. 270) in the presence of increasing quantities of sodium 
2) phosphate. phosphate and hexametaphosphate, the solubilization effects observed were 


higher than those for the corresponding solutions of sodium laurate with the 

same quantities of added phosphates, This phenomenon indicates that the 

added electrolytes have different effects on the oleophilic properties of wet- 
ting agents in which the hydrocarbon radicals have different structures, When 0,5 and 1,0 mole of sodium phosphate 
are added to a solution of sodium naphthenate, the solubilization of heptane increases by factors of 1,7 and 2,4 
respectively. The addition of the same quantities of sedium hexametaphosphate increases the solubilization of hep- 
tane by factors of 5,7 and 19,8 respectively (Fig. 3). 


The phosphates studied can be arranged in the following order of decreasing ability to increase the solubilizing 
efficiency of solutions of wetting agents: sodium hexametaphosphate > tripolyphosphate > pyrophosphate > phosphate. 


The influence of phosphates on the solubilizing power of soap solutions is analogous to that of alkali electrolytes 
[6]. Tripolyphosphate and hexametaphosphate increase the solubilizing power of the soap solutions more sharply than 
phosphates and other electrolytes. This is due to the fact that the condensed phosphates, which are macromolecular in- 
organic compounds, not only soften the water by acting as ion exchangers [13] but are also capable of forming poly- 
meric anions and associates of a colloidal degree of dispersion. The polyphosphates, by being adsorbed on the surface 
of the associates of wetting agents, appear to form mixed soap — polyphosphate micelles in which the energy of repuls- 
ion of hydrophilic groups with charges of the same sign is decreased, as a result of which there is an increase in their 
dimensions. This is accompanied by an increase in the oleophilic nature of the system and an increase in the solubili- 
zation of hydrocarbons in solutions of wetting agents containing added polyphosphates. The action of polyphosphates 
in the wetting process is more complex than is generally assumed at the present time. The increase in the efficiency 
of wetting agents containing polyphosphates is due not only to the fact that they disperse the particles of the mineral 
contaminants and bind the calcium and magnesium ions responsible for the hardness of water in a water — soluble com- 
plex [12, 13]; a more important property of the polyphosphates, which is not discussed in the literature, is related to 
the fact that they shift the oleophilic nature of the micellar structures into the optimum range, producing a change 
in the volume properties of the wetting agent solutions and thus increasing sharply their solubilizing power and pro- 
perties of practical importance. 
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by means of phosphates and other active additives, and to obtain wetting agent — active additive — water systems 
with required properties. The action of phosphates and polyphosphates on the micellar structures of soaps is equivalent 
to an increase in the length of the hydrocarbon radical of the wetting agent and production of their more oleophilic 


This study has shown that it is possible to control the degree of colloidal character of wetting agent solutions 


homologs. 
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It is known [1] that if the solvent is considered as a uniform continuous dielectric, and the transitional complex 
and the ion as charged spheres immersed in this dielectric, then for ionic and iono-molecular reactions there should 


exist a linear relationship between the logarithm of the rate constant, log k, and the reciprocal of the dielectric con- 
stant, 1/D. 


Analysis of a greater number of experimental data shows that the linear relationship, log k = f (1/D) is actually 
observed for many of the reactions of the type indicated, whose rate has been measured in mixtures of two solvents. 
However, considerable deviation of the relationship, log k = f(1/D), from linearity is very often observed both in the 
study of reactions in mixtures, and also of those in individual solvents. Moreover, cases are known [1,2] for which for 
the same reaction the linear relationship referred to is obtained in mixtures of certain solvents but not in mixtures of 
others. Usually this kind of deviation is due to selective solvation, in such a way that the more “polar” component is 
in excess around the ion in comparison with the mean composition of the solvent. Apart from the fact that no accurate 
determinations of the polarity of solvents exist (see below), this explanation cannot be applied at all to those cases 
where the effect of individual solvents, and not of mixtures, upon the kinetics is being studied. We are therefore forced 
to the conclusion that, in chemical reactions of ionic and iono-molecular type, electrostatic interaction plays a sec- 
ondary role, or else that the existing electrostatic theories of this interaction are altogether too approximate. The first 
of these conclusions may be dismissed at once, in view of the many existing facts which point to the predominance 
of coulomb interaction, while perhaps the only fact which points against the electrostatic theories is their lack of 
concordance with kinetic data, It is therefore essential from the first to reject any theory based upon certain experi- 
mental facts, the conclusions from which are not in harmony with other experimental facts; and it is necessary to at- 
tempt to justify the premises of the theories. 


We have shown from the start that electrostatic theories of the interaction of the dissolved substance and the 
solvent, which lie at the basis of the contemporary treatment of the effect of the solvent on the kinetics of chemical 
reactions, start from assumptions, known to be incorrect, that the solvent can be treated as a continuous uniform di- 
electric, in which the dissolved particles are distributed according to a known law, Even as early as 1933, that is, dur- 
ing the period when these theories were formed, Bernal and Fowler [3] proposed an alternative method of dealing with 
this question. Bernal and Fowler showed that the energy of hydration of ions may be calculated to a good approxima- 
tion starting from the molecular structure of solutions of salts in water. Since that time a number of authors (see the 
summary of these works in [4]) have attempted to improve this method of calculation, By generalizing these attempts 
[4], a formula has been provided for the calculation of the free energy of solvation of ions. This formula makes it pos- 
sible to calculate to a good approximation the energy of solvation of ions in water. By its means N. Izmailov [5] has 
been able to explain quantitatively the effect of the solvent on the energy of solvation, dissociation, dissolution, and 
other properties of electrolytes, which is sufficient evidence of the validity of the postulates from which this formula 
was derived, and may also serve as a justification of the validity of the electrostatic procedure for explaining the pro- 
perties of electrolyte solutions, Incidentally, in addition to coulomb interaction, account is also taken in the formula 
of quantum-mechanical effects, but these are of only slight significance in comparison with the electrostatic effects. 
However, because of a variety of postulates which are insufficiently established, calculation for non-aqueous solution 
on the basis of this formula show a much greater divergence from experiment, 


« 
‘ 


By avoiding the mistakes of previous authors and taking account of the molecular structure of the solution, we 


have derived [6] a formula for calculation of the energy of solvation of alkali metal halides in various solvents with 
satisfactory accuracy: 


AZ, = — nE (0,958 + 0,458 + nb + — 


— e* (1 — 1/D)/2r, + Zs, (1) 


where n = coordination number; E = field strength in the center of the dipole; = the permanent dipole of the mole- 
cule with a correction for thermal movement; 1; = induced dipole; b = geometrical factor; r = distance from the 


center of the ion to the center of the total dipole (fi + j); e = charge on the ion; rs = radius of the solvation sphere; 
Zs = London [7] dispersion term. 


The quantities E and 1; are determined from the system of equations 


=aE, E 


where & = electronic polarizability, determined from the molecular refraction. 


By plotting on a graph values of a, calculated according to the formula & = (ny =~ Min}, + 2)d (where ng = 
refractive index,M = molecular weight, d = density), we have discovered that for all alcohols (up to Cg, with the ex- 
ception of Cs and the tertiary alcohols), and for ketones, the following linear relationship is obtained: & = ( 183/D — 


2.3)°, Substituting « in this expression by the dielectric constant in equation (1), we have found that AZ, is well ap- 
proximated by the quantity; 


AZ, =ai/D* + + as/D? + aa/D + as. (2) 


All the coefficients aj are calculated from formula (1), 


It is interesting that equation (2), obtained by ourselves gives the true nature of the relationship between the 
solvation energy in alcohols and the dielectric constant [6]. 


Thus, we see that the calculation of solvation energy on the basis of the molecular structure of solutions of elec- 
trolytes gives a complex form for the relationship between AZ, and 1/D (see equation (2)), and not a linear form as 
was obtained on the basis of the Born formula. 


We have previously [8] proposed a cycle, according to which the free energy of activation Az* of a chemical 
reaction was presented in the form of the sum: 


AZ* = + + AZ,, 


where az = free energy of activation of the given reaction in a vacuum, azt and AZ, are the energies of solvation 
of the activated complex and reagents respectively. Since the quantities AZ and Az? change only slightly in mov- 
ing from solvent to solvent, change in 4Z* , and so also in log k for ionic and ionic-molecular reactions will depend 
practically entirely on change in 4Z for the ion taking part in the reaction. But since 4Z, is a complex function of 
1/D (cf. (2)), log k will also be a complex function of 1/D, which is very often observed in practice, But since, in 
investigating kinetics in mixed solvents, cases are often met in which the relationship between the rate constant and 
the dielectric properties of the medium required by the simplest electrostatic theory (see above) is fulfilled, then the 


important question arises how this fact can be explained on:our theory. It is found that this problem can be resolved 
quite simply. 


Considering equation (1), it is easy to see that a large part of the solvation energy of the ion is due to interac- 
tion with these molecules of the solvent which are in direct contact with the ion, while only one Bor term takes in- 
to account interaction with the solvent as a whole (the interaction energy of the molecules of the solvated complex 
Zs with the neighboring molecules of the solvent is not great and may be neglected), If the interaction energy of the 
molecules of one of the components of a mixed solvent with the ion is considerably greater than the corresponding 
energy with the molecules of the other component, then, independently of the stoichiometric composition of the mix- 
ture within wide limits, the coordination layer of the solvated complex will be formed from the molecules of the 
former component, This means that, in equation (1) all the terms, except the Born term, will remain constant until 
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such time as the quantity of the more strongly interacting component is insufficient to form a complete coordination 
sphere around the ions. Consequently, when this component is present in excess, the free energy of solvation of the 
ion, and so also the free energy of activation in the case of a spherical complex, should depend in a linear fashion on 
1/D. When the strongly interacting component becomes insufficient, the relationship of these quantities begins to 

deviate from a linear form. The work of Amis and La Mer [9] serves as an illustration of this. 


For those cases in which there is no predominant influence of one of the components of the solvent with the dis- 
solved substance, the relationship between log k and AZ, on the one hand, and 1/D on the other, may deviate mark- 
edly from the linear form for any composition of the mixture, as is found in the cases studied by Amis and Price [10]. 


In the procedure outlined above, we have intentionally omitted the expression "more polar component of the 
solvent", and “less polar component". The reason for this is that the more polar solvent is usually reckoned to be that 
possessing the larger dielectric constant and dipole moment. Thus, for example, water is regarded as a much more 
polar solvent than methyl alcohol, But we see from equation (1) that the solvation energy of an ion (and consequently 
the activation energy as well) is determined not only by the dielectric constant and the dipole, but also to a consider- 
able extent by such quantities as the polarizability of the molecule, its dimensions, and the charge distribution within 
it. It is therefore in no way remarkable that, for example, the solvation energy of the iodide ion in water is 62 kcal/ 
mole, while in methyl alcohol the value is 61.4 kcal/mole; that is, there is no appreciable difference. That is, as we 
have repeatedly observed, the solvation energy governs all the thermodynamic properties of the dissolved substance 
and also determines the course of the chemical process. Consequently the polarity of the solvent, may be used, if at 
all, only within narrow limits. 


In conclusion I would express my deep indebtedness to the kindness of Professor M. B. Neiman for his valuable 
advice and constant interest in the work. 
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We are going to examine a depolarization process of the type described by the equations 


(1) 


(1) 


k 
2C—> 2B + Hy. (111) 


According to this scheme [1,2] the catalyst exists in two forms which are in protolytic equilibrium with each 
other, The form A is reversibly discharged on the electrode, and the reaction product C undergoes a bimolecular re- 
action in which B is regenerated and hydrogen evolved. The symbols p and op represent the effective rate constants 
for the forward and reverse monomolecular reactions in equilibrium (I), while k is the rate constant for the bimole- 
cular reaction (III). 


The purpose of this work was to derive a general relationship for the faradaic impedance which would enable 
us to calculate the rate constant for the bimolecular reaction and the standard electrode potential for the electro- 
chemical reaction from experimental data. 


In the case of a dropping electrode the set of reactions (I)-(III) (provided the solution contains a large excess 
of a supporting electrolyte) can be described by the following system of differential equations: 


(1) 
Ob 2 0b 
sat (> — 90) + 


where a, b, and c are the respective concentrations of A, B, and C. 


Assuming that the electrode reaction constitutes a fast step [1] we can represent the initial and boundary condi- 
tions for the system of equations (1) as follows: 


t{=0 x -+oo: 


i>0, x 


where & is the combined concentration of A and B before the electrolysis; 


=: 

e 

— A. 

B= A; 

90 

el 

A+te=C; = 

da , 2 x da 
= Dsst+a75, + P(b— sa), 

Oc D 2 x dc he? ae 

a+b+cz=a, oa=b, c=0; 

o 

da , Ob 
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F 
hoexp( sin wt), Ay = exp lar (Po — (3) 


Y is the D.C. component of the cathode potential; %, is the amplitude of a small A.C, voltage; g(°) is the standard 
electrode potential for the reaction. 


If the reactions in the bulk of the liquid phase are fast enough the kinetic layer will be much thinner thanthe dif- 
fusion layer. The effects of convection (penetration of the drop into the liquid is equivalent to a motion of the solution) 
will then be unimportant [3] and we can neglect the second term on the right-hand side of equation (1). We will also 
assume that a state of equilibrium determined by the bulk phase reaction rates and diffusion is established during the 
electrolysis. 


We are looking for a solution of the system of Equations (1) in the form of a series in powers of 9. 


a =ac+ae, b =bo+ be, c + ce, (4) 


where ap, bo, and cp are the nonperiodic concentration components, while 4, b, and € are complex amplitudes propor- 
tional to ¢. With all the assumptions taken into account we can get the following equations for 4 and C: 


iwa (a + ie =D as (5) 


The boundary conditions for equations (5) and (6) can be determined from the set of conditions (2), 


where: / = p (1 + 0), 


F 
(a)x— = Ao + (8) 


To determine the rate constant for the bimolecular reaction we have to consider the case at low frequencies 
(w «1, 1), which is the one treated here. 


Solving the system of differential equations (5) we can get the following expressions for (d¢/dx)x = 9 (da/dx)x = 0 


(9) 


where 3 V% , Ei (— 8) =— \ —-dt. The parameters in Eq. (10) is of the same order of magnitude 


as the ratio of the width of the kinetic layer in the bimolecular reaction (III) to the width of the kinetic layer in the 
monomolecular reaction (I), and it therefore represents the relative rate of the two bulk phase reactions. 


From the algebraic equations (7), (8), (9) and (10) we can get (de /dx) = 0, which is related to the complex cur- 
rent amplitude through the equation 


(6) 
2) 
1° 
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The complex current amplitude can also be expressed in terms of a pseudocapacitance Cs; and the polarization 
resistance R, [4]. If we represent the electrochemical cell polarized by an alternating current by an equivalent cir- 
cuit with the pseudocapacitance and the polarization resistance connected in series the complex amplitude of a 
faradaic current will be given by the well known equation 


(12) 


Equating the two equations [(11) and (12)] we can determine the polarization resistance and the pseudocapaci- 
tance. In the special case where the faradaic impedance depends mainly onthe rate of the bimolecular reaction 
(8 > 1), we will get 


_ KART __ [0,86 


(14) 


where jo is the D.C, component of the current sili If the monomolecular reaction should be the rate determining 
step (8 < 1), then 


R, = — HORT [oa 4 967 


F /s 
ol 


(15) 


= 
C, DY (16) 
© oF (0, 0,93 Agl 


Equations (13) and (14), or (15) and (16), can be used to determine unknown constants in reaction kinetics. For 
example, if we know the rates of the direct and reverse reactions (I) (i.e. l ) we can use the experimentally deter- 
mined D.C. component of the voltage and the current density (9 and jo) to get the pseudocapacitance resistance 
from which the rate constant for the bimolecular reaction (III) and the standard electrode potential g() can be cal- 
culated, 


The equations given above also show how R, and C, vary with frequency; the pseudocapacitance is inversely 
proportional to the square of the frequency while the polarization resistance is independent of frequency. It should 
be pointed out that these relationships are only valid at low frequencies (w « 1,1 ), 


The D.C. component of current density can be eliminated from Equations (13), (14), (15), and (16) by using 
previously determined [2] volt — ampere characteristics. However, one usually ends up with very complicated rela - 
tionships. We will therefore confine ourselves to the experimentally important special case where the bimolecular 
reaction is the rate determining step (8 > 1) and the concentration of B (the inert form of the catalyst) exceeds 
greatly that of A, the active form of the catalyst (0 > 1). The equations for the pseudocapacitance and the polariza- 
tion resistance can then be simplified to 


RT 


Re = an 


F2p'/2p'/2 


3,04 - (18) 


These two equations are only valid for potentials satisfying the inequality 8 \) > 1, i.e. potentials not much 
more negative than the standard potential ¢(0). 


The effects of the various parameters characterizing our systems and given explicitly in Equations (17) and (18) 
on the faradaic impedance can now be determined directly. 


The current work was carried out in connection with the experimental studies of S. G. Miranovskii. We wish to 
thank S. G. Mairanovskii for his appraisal of our results. 
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A comparison between the calculated and experimental results will be given when the latter are published. 
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In recent years several experiments have been carried out in which the scattering of light by solutions made of 
components miscible in all proportions was studied. Certain specific assumptions had to be made in order to explain 
the observed facts. We now intend to show that one does not need any special assumptions in order to explain the 
experimental data. They can all be explained on the basis of Rayleigh’ light scattering and contemporary thermo- 
dynamic theory of solutions. The theory of Rayleigh" light scattering in two-component systems has been worked out 
by Einstein[1]and Raman [2], while Kirkwood developed the same theory for multi-component systems [3]. 


The theoretically derived Rayleigh constant [3] for the light scattering caused by concentration fluctuations in 
a two-component solution is 


pis the mass of the first component per unit volume; c = m,/m, is the mass ratio of the two components; Mg and 
H» are the molecular weight and the partial molar free energy respectively of the second component; € is the optical 
dielectric constant; Ro is the gas constant; Na is Avogadro's number, 


To simplify the application of the thermodynamic solution theory to our problem we will express the concentra - 
tions in mole fractions and introduce the molar free enthalpy G = H-TS (H is the molar enthalpy and S the molar 
entropy of the mixture), We can now write 


where xj isthemolar concentration of the i-th component and v is the molar volume of the mixture. 


Since G = Xj/l1 + Xglg, we can use the Gibbs-Duheim equation 


Olle 
=O 


to get the expression 


Substituting Equation (3) into expression (2) we will end up with 


= (a) 


If we want to express the intensity of light scattering in terms of experimentally measurable parameters we have 
to alter the last equation slightly by carrying out the substitution 


2 Pp, 2 p.T 
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“Ox? X2 Ox2/p,T J” 
y 
where p is the total vapor pressure of the mixture; Vy is the molar volume of the mixture in the vapor phase; yg is the 
concentration of the second component in the vapor phase, 


This equation can be simplified considerably by disregarding the compression of the mixture during a change 
in concentration and by neglecting the molar volume of the liquid in comparison with that of the vapor. If in addi- 
tion to this we also assume that the vapor behaves as an ideal gas Equation (5) can ultimately be simplified by using 
the Margules-Duheim equation to the expression 


(2) Ro? In ps 
(5a) 


Substituting this expression into Equation (4) and replacing the molar concentrations by the relative concentra - 
tion C = m,/m, we get the well known Einstein's equation for the intensity of concentration scattering [1]. The condi- 
tions imposed above give the applicability limits of Einstein's equation. 


Equation (4) enables one to predict only the most general aspects of light scattering caused by concentration 
variations. A general criterion of phase stability when applied to a binary mixture of arbitrary composition states that 
the solution will remain stable with regards to dissociation into two similar phases only if the inequality shown below 
is satisfied [5], 


0x5 


(6) 


At the limit of stability 


(Equation (4) does not hold for this case.) 


Ata constant temperature (above the upper or below the lower critical temperature) a system at the critical concentra- 
tion will be nearest the stability limit, At this concentration the denominator in Eq. (4) will be minimum and the scattering 
will be maximum (provided the curve of refractive index vs, composition has no extrema), Consequently concentration 
scattering will contribute most to the isotopic scattering at concentrations near the stability limit, 


To make the theory more applicable to various specific types of investigated solutions we will introduce the ex- 
cess molar free enthalpy, defined by GE-G- Gj; Gj = XyHoy + XgHog + RoT (x lnx; + xglnxg) is the molar free enthalpy 
of an ideal mixture. Instead of condition (6) we will have 


ReT 
(7) 

According to inequality (7) even in solutions near the stability limit GE > 0 large concentration scattering can 
only occur in systems with a positive excess molar free enthalpy. For a binary liquid mixture solution thermodynamics 
yields 


G = xyx{A (p, T) + B(p, T) (x1 — + C(p, T) (1 — + 


After examining 110 binary mixtures of liquid nonelectrolytes Othmer and co-workers [6] found that 2 systems 
were ideal, 28 could be described satisfactorily by one additional parameter, 34 by three, and that 37 required four 
parameters. The data clearly indicate that only about one third of the investigated solutions could be classified as 
ideal. The molar excess free enthalpy of such solutions can be given by GE = Axjxg. In that case 


_ 


(6a) 
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Compound |Ty | x Ty x 


y -Picoline Miscible 

6 -Picoline 49 | 0.07 |153 | 0.09 
2,4-Lutidine 22.6] 0.054]189.6] 0.09 
2,4,6-Collidine] 6 | 0,05 
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Fig. 1. The relative intensity of isotropic 
scattering in aqueous solutions of y - 
picoline as a function of concentration 

x (t = 20°), 


50 60% 80 90 100 
Fig. 2. The relative intensity of isotropic 
scattering in aqueous solutions of y - 
picoline as a function of temperature: 

1) x = 1; 2) x = 0,356; 3) x = 0.156; 4) 

x = 0.090; 5) x = 0.058; 6) x = 0.081. 


i. A. Einstein, Ann, d. Phys., 33, 1275 (1910). 
C, V. Raman, and K. K. Ramanthan, Phil. Mag., 44, 213 (1923). 


At A > 0 phase separation will occur if GE = RT/2 s T cal/mole 
(~ 300 cal/mole at room temperature). Equation (8) has a minimum at 
x = 0.5, The system is also least stable at this concentration. According 
to Eq. (4) in this case we should also observe maximum scattering. 


M. I. Shakhparonov and N. G. Shlenkina [7] studied light scatter- 
ing in approximately ideal solutions made up of components miscible in 


all proportions and found that maximum scattering does indeed occur in 
the indicated region. 


The available thermodynamic data for several of the completely 
miscible systems in which scattering was investigated [7] showed that 
they were in a state near the stability limit. Thus in the systems CCl, + 


CHsOH and CgHg + CHsOH at room temperature GE attains the value of 
300 cal/mole [8]. 


In order to verify the postulated relationship between light scatter- 
ing in completely miscible systems and phase separation phenomena we 
investigated the aqueous solutions of y -picoline. Our choice of systems 
was motivated by the fact that some of the pyridine homologs are only 
partially miscible with water and the systems have upper (T,,) and lower 
(Tj) critical solubility temperatures [9] (see the table). 


Measurements were carried out at the wave-length of 5461 A. The 
intensity measurements were accurate to within 10% and temperatures 
were maintained to within +4 2°C, The experimental method and cal- 
culations were similar to those described before [10]. Figure 1 shows that 
y ~picoline solutions, which do not separate into two phases, maximum 
scattering is observed at concentrations close to the critical solubility 
point of methyl pyridines (see the table), Aqueous solutions of y -picoline 


are least stable at these concentrations and exhibit strong concentration 
fluctuations. 


We next investigated the temperature dependence of the intensity 
of isotropic scattering by y -picoline and its solutions (Fig. 2). The figure 
shows quite clearly that the scattering intensity in solutions with con- 
centrations close to that for the minimum stability (x = 0.058) phases 
through a well defined maximum as the temperature is raised. A similar 
maximum though not as well defined, has previously been observed by 
M. G. Buks and L. I. Lisnyanskii in aqueous solutions of pyridine [10]. 
This variation in intensity is fully consistent with the fact that pyridine 


homologs exhibit a lower critical temperature. The solution is least stable 


at the intensity inversion temperature. 


One can see in Fig. 2 that solutions of different concentrations 
exhibit scattering maxima at slightly different temperatures. This is in 
full accord with the fact that the upper critical point of pyridine homo- 


logs (table) occurs at slightly different concentration from that of the lower. 


It is quite possible that the pronounced concentration fluctuations are also responsible for the anomalous ab- 
sorption of ultrasonic waves in certain completely miscible liquid systems (such as acetone — water solutions). Our 
calculations indicate that the acetone — water system is less stable than the pyridine — water system. 


The author wishes to express his gratitude to Prof. M. F. Vuks for his sustained interest in this work and valu- 
able comments with regards to the problems dealt with in this paper and to Prof. A. V. Storonkin for valuable advice. 


LITERATURE CITED 


- 
16 
| 
32 
28 
24 4 
20k 
16\ A 
412} 
6 
591 


. C, Kirkwood, and K. J. Goldberg, J. Chem. Phys., 18, 54 (1950), 
I. D. Van der Waals and R. Constam, Thermostatics [Russian translation], Vol. 1, 1936, p. 225. 


. Gibbs, Thermodynamic Papers [Russian translation], Moscow-Leningrad, 1950, 
. Othmer, Ind, Eng. Chem., 42, 120 (1950). 
M. I. Shakhparonov and N. G. Shlenkina, DAN, 96, No, 1 (1954). 
J. Barker, I. Brown, and F, Smith, Disc. Farad, Soc., No. 15, 142 (1953). 
G. Kortum, and P. Haug, Zs. Elektrochem., 60, 355 (1956). 
M. F. Vuks and N, I. Bilenko, ZhETF, 23, 105 (1952), 


All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- 
ations of the abbreviations as given in the original Russian journal. Some or all of this peri- 
odical literature may well be available in English translation. A complete list of the cover-to- 
cover English translations appears at the back of this issue. 


4, 
5. 
4 6. 
1. 
8. 
9, 
10. 
ay 
592 


SUPERCOOLING OF THE MELT AND THE GROWTH 
OF CRYSTALS BY THE CHOKHRAL'SKII METHOD 


D. A. Petrov and A. A. Bukhanova B 
Moscow Aviation Technology Institute a 
(Presented by Academician A. A. Bochvar, January 20, 1961) _ 
Translated from Doklady Akademii Nauk SSSR, Vol. 139, No. 4, a 

pp. 933-935, August, 1961 a 
Original article submitted January 16, 1961 i 

In the present work on the study of the growth of crystals by the Chokhral’skii method, it has been established : 4 ; 

for the first time that supercooling of the melt plays a decisive role in the formation of the structure and the distri- 4 
bution of impurities in the crystal under the given growth conditions, This is established both for crystals of german- a 


ium and silicon, which were the initial objects of study, and for crystals of aluminum, copper, iron and apparently 
all other comparatively pure substances which are capable of being crystallized. All the subsequent work was carried 
out for the most part with aluminum. The principal results of the work are given below. 


1, In an asymmetric thermal field in the absence of rotation, the crystal bends towards the cold side of the 
field. A longitudinal section of an aluminum crystal of this type, alloyed with 10~4% Cue, grown without rotation 
at a rate of lifting of 2 mm/min, and etched in an aqueous solution of NaOH, showed two adjacent regions which 
were etched differently and extended in the direction of growth of the crystal (Fig. 1,a). The region turned to the 
“cold” side of the field and appearing dark on the photograph is deeply etched and the region turned towards the 
“hot” side is slightly etched, The crystal picks up more impurity on the cold side of the field than on the hot side. 
This phenomenon is due to the difference in the supercooling of the melt on the different sides of the fiel¢—the 
supercooling is more marked on the cold side than on the hot side. This can be seen from the photographs in Fig. 1,b 
for the longitudinal section of a crystal of aluminum alloyed with 107“% Cu® and grown without rotation with a 7- 
minute halt at the point I. Fig. 1,c gives the radiogram of the same crystal. The slope, marked by the broken line, 
is relatively small in the crystal which has been stopped. 


When the crystal is withdrawn, the surface of separation rises above the initial level to an extent which is 
greater, the greater the rate of withdrawal of the crystal. The edge turned towards the hot side of the field is raised 
higher than that turned towards the cold side. The slope of the surface of separation, determined by this higher rais- 
ing of the hot edge, increases with increase in the rate of withdrawal. The greater the height to which the surface 
of separation rises, the greater the degree of supercooling of the melt, the lower the relative temperature of crystal - 
lization, and the higher the rate of crystallization. As a result of the fact that the surface of separation is raised to 
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a greater height at the hot edge, the supercooling gradient at the hot edge of the surface of separation is smaller than 
that at the cold edge. Thus the growth of the crystal proceeds in nonuniform fashion in the different sides of the field. 
On the cold side of the field the crystallization takes place at a higher rate and the structure of the crystal formed 
here is less perfect and picks up more impurities than that on the hot side. 


2. If the crystal is turned through 180 ° (half a revolution) during the growth process, it will occupy a new posi- 
tion, being displaced in the direction of rotation and changing its slope to the opposite direction (Fig. 2). On rotation, 
the region of the crystal which was directed towards the cold side of the field, i.e.,the “cold” region, will penetrate 
into deeper layers of the melt on the hot side. The region of the crystal which before rotation was turned towards the 
hot side of the field, i.e.,the “hot” region, will rise above the surface of the melt on the cold side, drawing the melt 
with it. Thus as a result of the rotation, the degree of supercooling of the melt on the hot side of the field decreases, 
and that on the cold side increases. As a result, directly after the rotation, the growth of the crystal on the cold side 
of the field is accelerated, while that on the hot side is retarded, until the previously established state of the melt 
(before rotation) is reached. 


Figure 3,a shows the photograph of a longitudinal section 
of a crystal of aluminum alloyed with 10°*% Cu®* and grown 
without rotation, except for rotation through 180° at the points I, 
II, ..., VI, and Fig. 3,b shows the radiogram of the same sec- 
tion, The transitional region is marked by the appearance, on the 
longitudinal section of the crystal, of a wedge-shaped region 
which appears light on the radiogram (Fig. 3,b) towards the apex 
of the wedge and which is lighter than the "hot" part of the main 
region of the crystal formed under established process conditions; 


6 Cold side 
aa | of the field 


Hotsideof g 
the field Fags 


Fig. 2. Change in the state of the melt on the wedge-shaped region also appears dark towards the base of 
rotation, CDBA and CDB,A, mark the positions the wedge and is darker than the “cold” part of the main region 
of the crystal before and after rotation; BA and of the crystal. This difference is also readily revealed by the 
BA, mark the positions of the surface of separa- degree of etching (Fig. 3,a) of the intermediate region compared 
tion theSere Anil alias Gethin with the region of the crystal formed under established process 


conditions. 


Fig. 3. 


3. If the crystal is rotated continuously, it contains no regions formed under established process conditions and 
the transitional regions are combined into one continuous band which winds in the form of a screw in the volume of 
the crystal. This continuous band carries two adjacent layers with different structures and concentrations of impurity. 


The etching picture on a longitudinal section of a crystal grown with rotation at a rate of 1/2 a revolution per 
minute and a rate of lifting of 2 mm/min (Fig. 4,a) shows a large number of repetitions of the unit pattern represent- 
ing an isolated transition region for the case of intermittent rotation (see Fig. 3,a). 


The spiral macrononuniformity produced in the rotating crystal is marked outwardly by the formation of a 
spiral on its cylindrical surface. The spiral step S is determined by the ratio of the sum of the rate of lifting of the 
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crystal v, and the rate of lowering of the surface of the melt in the crucible v, to the number of revolutions n of the 
crystal in unit time: S = f (v; + v2/n). The ridges of the turns of the spiral are adjoined on the lower slope by a spiral 


layer which is only slightly etched. The depressions between the crests corresponds to a spiral layer which is deeply 
etched, 


The hot bands, light on the photograph (Fig. 4,a), often intersect, producing a separation in the central part of 
the crystal. This separation, in the form of a central core, is also characteristic of the cold bands and is a further 
extremely characteristic form of nonuniformity shown by crystals grown with rotation. The edge towards the hot reg- 
ion of the crystal grown without rotation (Fig. 1,a) is adjoined directly by a narrow band, dark on the photograph, 
which is deeply etched, like the cold region of the crystal, The edge of the cold region of the crystal is also adjoined 
by a narrow band, darker on the photograph, which is more deeply etched than the main cold region. 


Both marginal bands are produced by the more marked relative supercooling of the melt at the edges of the sur- 
face of the melt. This marginal effect is revealed, on the longitudinal section of the crystal grown with rotation (Fig. 
4,a), by a contraction, towards the edge of the crystal, of the "hot" bands and a broadening of the “cold” bands. At 
the very edge of the crystal the hot regions come out to a sharp point (see also Figs. 3a and 3b). Another reason for 
the "cutting" of the hot bands is that they are formed in the regions of contraction of the crystal (at the hot edge of 


the thermal field) and, as will be seen in the next section, this is accompanied by supercooling of the melt at the 
edges of the crystal. 


4, If the initial rate of withdrawal of the crystal is decreased, the diameter of the crystal invariably increases. 
With the opposite change in the rate of withdrawal the crystal becomes narrower. These outward changes in the di- 
mensions are accompanied by an extensive change in the structure of the crystal. 


Figure 4,b gives a photograph of the longitudinal section of a crystal of aluminum grown with rotation at a rate 
of 2 rpm. For an unchanged rate of withdrawal (2 mm/min in the upper part of the crystal), the bands of nonuniformity 
produced in the crystal as a result of the rotation lie at approximately equal distances from one another (1.7 mm) and 
are formed in a time equal to ~ 0.65 min, With decrease in the rate of withdrawal (at the point aa) to 0.5 mm/min, 
i.e.,by a factor of 4, the distance between the bands decreases by an amount which at first is disproportionately small 
and which is less at the edge of the crystal (1.4, 1.2, 1.0, 0.8, . . . mm) than in the central region (1.5, 1.5, 1.2, 1.1, 

. . «mm respectively), This indicates that the rate of growth at the start of the transitional process is much greater 
than the rate at which the crystal is raised, so that the surface of separation is lowered, the amount of lowering being 
greater in the central region, The higher rate of growth of the crystal in the center indicates that the supercooling of 
the melt is greater under the central region than at the edges of the crystal. The region of the crystal formed from the 


more highly supercooled melt is revealed on the longitudinal section by the appearance of the "cold" coneI-I-I, 
which penetrates into the “hot region. 


With the opposite change inthe rate of lifting (from 0.5 to 2.0 mm/min, see Fig. 4,b), the start of the transition- 
al process is marked by a considerable lag between the growth and lifting of the crystal; this lag is greater in the 
center of the surface of separation than at its edges. The surface of separation is thus raised. The sagging of its edges 
indicates that the supercooling of the melt is greater at the edges than inthe central region. This is revealed in the 
structure of the crystal by the formation of a "hot" cone penetrating into the "cold" region of the crystal. 
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These transitional processes are produced by the breakdown of the thermal balance in the melt — crystal sys- 
tem. With decrease in the rate of lifting there is a decrease in the volume of metal crystallizing in unit time and 
hence in the quantity of heat of crystallization evolved. As a result there is a decrease in the amount of heat flowing 
through the crystal, The crystal cools slightly, leading to an increase in the supercooling of the melt in the central 
part of the surface of separation. With increase in the rate of lifting, the amount of heat of crystallization evolved 
increases, as a result of which there is an excess of heat flowing through the crystal. The crystal becomes slightly 
hotter, as a result of which the supercooling in the central region of the surface of separation decreases, 


It follows directly from examination of Fig. 4,b that any change in the rate of lifting of the crystal (as when 


the lifting is stopped — Fig. 1) leads to a considerable increase in the nonuniformity in the structure and the distribu- 
tion of impurity in the crystal. 


5. Elimination of the nonuniformities of structure and impurity distribution in crystals can be achieved by creat- 
ing a symmetrical thermal field and by determining all the factors leading to distortion of its symmetry and hence to 
irregular supercooling of the melt at the surface of separation. 
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THE EFFECT OF CAUSTIC SODA SOLUTIONS ON 
THE ABSORPTION BAND OF SURFACE HYDROXIDES 
OF CERTAIN SILICATES 


Corresponding Member Acad. Sci. USSRI. N. Plaksin 
and V. I. Solnyshkin 


A. A. Skochinskii Institute of Mining, Academy of Sciences, USSR 
Translated from Doklady Akademii Nauk SSSR, Vol. 139, No. 4, 
pp. 936-937, August, 1961 

Original article submitted April 17, 1961 


Minerals of rare elements, of the silicate class, may be divided into two groups with respect to flotation capa - 
city. Silicates with isolated SiO, tewahedrons in crystalline structures with dense packing of the ions undergo flota - 
tion without preliminary preparation, and hydroxylic reagents are readily attached to their surface. Silicates with 
anionic radicals in the ring require preliminary treatment with hydrofluoric acid, fluosilicate solutions or caustic soda 
solutions [1,2]. In ores, mixed crystals are mostly found, and their silicate structures undergo a change iin the process 
of genesis, which impairs their flotation properties. The result of disturbances in the crystalline lattice is that the 


pores and fissures of the particle contain adsorbed water, which may determine the surface taking part in flotation 
[3,4]. 


Beryl and zircon are representatives of these silicates, on the surface of which the corresponding radicals are 
exposed as a result of cleavage and comminution of the ore. Samples of particles of natural minerals of size-5u were 
obtained for the experiments by the sedimentometric method, Part of the powders was treated with a caustic soda 
solution (3 mg/g). Leaching was carried out five times for 2 hours at 20°. The ratio of the solid and liquid phases was 
1: 50. After leaching was completed the preparations were washed with distilled water until a negative reaction for 
alkali was obtained. The treated and untreated samples were dried over calcium oxide to constant weight. The zir- 
con particles were deposited onto a sodium chloride plate by sputtering in a medium of air. Weighed samples of 
powdered beryl were briquetted in metal molds of known thickness. A 3% solution of medical vaseline oil in petro- 
leum ether was used as the binder, Briquetting was carried out at a pressure of up to 100 atm, 


-1 


The spectrograms in infrared rays were determined 
from 2 to 44 in IKS-11 and IKS-12. Sodium chloride prisms 


100 1 S calibrated with respect to the spectra of polystyrene, am- 
Saag monia vapor, atmospheric moisture and carbon dioxide [5] 
80rZ were used in the apparatuses. 


The Figure gives the infrared absorption spectra of 
zircon and beryl powders, At a layer thickness of 0.3 mg/ 
/cm®, zircon particles give a narrow and strong 3340 + 10 
em! (2,991) absorption band, which does not depend on 
treatment with NaOH solution, At a thickness of 1.02 + 0.02 
; mm, a beryl powder plate gives a wide 3620 10 cm=' 
2428 (2.77) absorption band, the intensity of which decreases 
after treatment with an NaOH solution, 
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Infrared spectra of zircon and beryl in the 3p region, 


for particles less than 5 : 1) Absorption band for zir- The work of a number of investigators established 
con ZrSiO,4, with sputtering of 0.3 mg/cm’; 2) absorp- _ that silicates can combine chemically with, and adsorb, a 
tion band for beryl AlpBeg [SigO yg] (briquetted plates molecules of water, ammonia, alcohol and other substances. - 
S = 1,02 + 0,02 mm); 3) the same band after treat- Infrared spectroscopy showed in the case of adsorption of 7 
ment of the beryl particles with an NaOH solution water on the surface of microporous glass there are three - 
(3.0 mg/g). + 
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layers, forming a hydrate envelope of the particle and having characteristic absorption bands [6-9]: 3749 cm™~', the 
absorption of the principal frequency of the OH gongs of the surface; 3670 cm~', the absorption of substituted OH 
groups of adsorbed molecules of water; 3450 cm™ 1 the absorption of the principal vibrational frequency of molecules 
of water in a capillary-condensed phase. 


The existence of two types of adsorption centers on the silicate surface was found: hydroxyl OH groups and 
valence-unsaturated silicon atoms [10]. The formation of the latter is probably the result of the anionic nature of 
the radical or disruption of the structure of the crystalline tetrahedra. However, their effect must be felt primarily 
by the neighboring atoms, i.e. the hydroxyl groups, increasing their proton-donor and acidic properties, In this case 
the energy of formation of the hydrogen bond increases markedly, approaching the chemical energy. The water mole- 
cules adsorbed on activated hydroxyl groups may be removed by means of chemical reactions or by strictly physical 
methods. Therefore in the case of beryl] the removal of the quasi-crystalline film of water, which prevents adsorption 
of hydroxylic reagents on the surface of the particles, is carried out by the chemical method. The formation of ONa 
groups on the surface is possible because the mechanism is associated with leaching of the surface valence -unsatura - 
ted silicon atoms. 


The absorption bands of OH hydroxyl groups make it possible to assess the capacity of silicate minerals for 
flotation. The presence of an absorption band near 3640 cm=" in the investigated sample, found during the deter- 
mination of the infrared spectrum in briquetted plates of powder, indicates the necessity for preliminary treatment 
of the silicate with inorganic activators. 
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THE EFFECT OF TEMPERATURE ON THE OPTICAL 
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The present paper presents the results of studies on the effect of temperature on the optical absorption of cadmi- 
um sulfide layers. At room temperature the absorption spectra of polycrystalline layers of CdS have been studied by 
a number of authors (Refs. [1,3]). In Ref. [3], it was shown that the absorption spectrum of thin layers of CdS is complex, 
and in the range from 300 to 550 my it has three absorption maxima at wave lengths 340, 420 and 500 mu. 


Up to the present time, studies of this sort (Refs. [2,3]) have been made on the OF-4 apparatus, We set ourselves 
the task of making a photographic study of the structure of the long wave length absorption maximum of CdS films, 
using an apparatus with rather large dispersion, The spectra were photographed with a UF-84 camera and an ISP-51 
spectrograph, In addition, it seemed to us to be a matter of fundamental importance to determine whether or not 
there are any changes in the structure of the maximum under study, when the temperature is lowered from room temp- 
erature to liquid nitrogen temperature. Experiments of this sort are interesting from the point of view of obtaining 
additional new information which will explain the nature of the absorption maximum in question, and, what is parti- 
cularly important, can give some picture of how the absorption bands of cadmium sulfide arise at low temperatures, 
since this question remains in dispute up to the present time, (Refs. [5,6]). 


The layers which we studied were prepared by subliming cadmium sulfide powder in vacuum (10-5 mm), and 
in an atmosphere of argon and hydrogen sulfide at a pressure of 0.5 —- 1 mm. The films were deposited on a base which 
had not been specially preheated and was at room temperature at the beginning of the deposition, and they were also 
deposited on a base which had been preheated to temperatures of 300, 350, 450, 500 and 550°, The setup in which the 
experimental samples were prepared, was constructed in such a way that both the sublimation heater and the base 
heater were inside the volume where the sublimation was taking place during the whole process of film deposition, 
which eliminated extraneous contaminates following into the semi-conducting layer while it was being deposited. 
Glass and quartz plates were used as bases, 


Our experiments have shown that films deposited on a preheated base independent of the medium in which they 
were prepared, show no absorption bands in the range 460 — 507 mp either at room temperature or at liquid nitrogen 
temperature. The layers sublimed on a base preheated to not less than 300°C show a green luminescence, and in the 
region where the SF-4 shows one long wave length absorption maximum at room temperature, (Refs. [2,3].), one or 
two absorption maxima show up under spectrographic study (the figure), At a temperature of 77.3°K, the absorption 
spectrum of these samples has a complex structure (figure). 


In the present paper it is impossible to give a detailed considerationofsuch phenomena as the effect on the ab- 
sorption spectrum of the medium in which the deposition occurred or of the effect of the temperature to which the 
base was preheated. Here we shall consider only the basic laws governing the change in CdS absorption when we go 
from room temperature to liquid nitrogen temperature. The figure shows the most typical microphotograms of the 
spectra. To avoid confusion in reading the figures the microphotograms have been deliberately moved upward from 
one another. However, as we discovered, on lowering the temperature at which the absorption was being studied there 
was always, actually, some reduction in the continuous absorption background, it is true not to the degree shown in 
the figure but still rather marked with some samples, It should be noted that this phenomenon has nothing to do with 
the thickness of this layer being studied. For the same film thickness some samples were transparent while others were 
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completely untransparent in the region 4600 — 5070 A. This says that the factor which determines the absorption in 
a given part of the spectrum changes from sample to sample. Therefore, it cannot be related to the fundamental ab- 
sorption and, apparently, is caused by the presence of absorbing centers which do not have the same concentration in 
all the samples. In our experiments the method of preparing the layers excluded the presence of extraneous contamin- 
ates in the sublimate and, consequently, the contaminate could be only atoms of one of the components of the subs- 
tance, present in access of the stoichiometric proportions, It was shown in Ref, [3] that in view of the high volatility 
of sulphur the contaminate consists of excess cadmium atoms, The absorption by these metallic atoms present in ex- 


cess of the stoichiometric proportions is what determines the CdS absorption in the spectral region under considera - 
tion. 


When the temperature is lowered from room temperature to liquid nitrogen temperature, what our experiments 
have shown is the general shift (see figure) of the absorption maxima of all the films toward the short wave length 
region of the spectrum, and doublet splitting of the long wave length band, The short wave length band at room 
temperature does not occur in all the samples, Where it occurs lowering the temperature as far as 77.3°K, fails to 
cause splitting. In addition, depending upon how the samples were prepared one or two absorption bands may appear 
at low temperatures in the part of the spectrum being studied. 


As follows from the figure the splitting of the long wave length maximum occurs in different ways with different 
samples, Figure, A shows microphotograms of the absorption spectra of a cadmium sulfide film prepared in an atmo- 
sphere of hydrogen sulfide on a base preheated to 350°C, Here the wave length maximum is split in the temperature 
range 127 — 161°K, Here the splitting is preceded by considerable narrowing of the band, It is interesting that the 
intensities of the absorption in the bands which are caused by splitting, are different, in that the short wave length 
maximum of the doublet splitting is of substantially larger intensity than the long wave length maximum, If we 
consider the splitting at liquid nitrogen temperature, the spectrum of such a film consists of three clearly defined 


maxima at wave length 4876, 4849, 4723 A, 
\ 


Microphotograms of the absorption spectra of CdS films deposited in an atmosphere 
of HgS on a base heated to (A) 350; (B) 500; and (C) 550°C. 


The microphotograms of the absorption spectra, shownin figure, Bfor films prepared in vacuum on a base pre- 
heated to 500°C show a completely different splitting picture, First, only one absorption maximum occurs at room 
temperature in the spectral region being investigated. In comparison with the corresponding maximum, shown in 
figure, A it isdisplaced toward the long wave length region by about 30 A, It should be noted that this shift was not 
caused by a change in temperature, at about 230°K, It is relatively small even at liquid nitrogen temperature. Second, 
in this case the rather wide long wave length absorption maximum is split into two components of approximately 
equal intensity while as the temperature is lowered the size of the first of these becomes greater than the second. For 
these films the splitting effect is observed in the temperature range 167 — 193°K, i.e.,at a higher temperature than 

in the preceding case. As follows from figure, Batabout liquid nitrogen temperature one more absorption band appears 
which is located between the fundamental absorption maxima. Thus, in this case, at 77.3°K, the absorption spectrum 
of the polycrystalline CdS film has four maxima at wave length 4882, 4838, 4730 and 4707 A. 
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Fig. 1C shows the microphotograms of a film prepared in an atmosphere of argon on a base preheated to 550°C. 
At room temperature the absorption spectrum of the film consists of two bands. Splitting of the long wave length max~ 


imum is observed in the temperature range 223 — 193°K, i.e.,at a higher temperature than in the two preceding cases. 
Here the amount of short wave length doublet splitting is considerably greater than the long wave length splitting. 
However, with further lowering of temperature the intensity of the long wave length doublet splitting also becomes 
considerable, In addition, a fourth absorption band appears in the temperature range 223—193°K and a fifth band is 


observed in the range 161—135°K, At liquid nitrogen temperature the absorption maxima of this film are located at 
wave length 4878, 4838, 4807, 4706 and 4637 A, 


Thus, the results obtained indicate that the presence of absorption bands in the cadmium sulfide absorption 
spectra between 4600 — 5070 A depends on how the samples were prepared. Also, the presence of these bands is very 
intimately connected with the luminescence of the films at low temperatures. Our spectrographic studies have shown 


that cadmium sulfide layers at room temperature can have one or two absorption maxima in the vicinity of 5000 A, 
depending on the technique of preparing the samples. 


As we have noticed, the absorption in this part of the spectrum was not determined in our case by the thickness 
of the samples under study. This fact is completely in agreement with the conclusion arrived at in Ref, [3] as to the 
contaminate nature of cadmium sulfide absorption in the region 460-507 mp. 


It is clear from the figures that the absorption spectrum at low temperatures consists of several bands, This indi- 
cates that the absorption of light by a contaminate center occurs by electron transition from the normal level of the 
contaminate to an excited level. Our studies have shown that when the temperature is lowered from 293 to 77,3°K the 
long wave length and short wave length absorption maxima behave in different ways, Consequently, they are caused 


by different optical transitions in the contaminate cadmium atom, From the energy levels of the excited states of the 
isolated atom these transitions may be: and 


It has been shown in Ref. [6] that — the action of the intra-crystalline field the activator energy level *p, 
may experience doublet splitting and the * Pz level may experience triplet splitting. In our case this effect is observed 


only at sufficiently low temperatures. This is apparently to be explained by the fact that the energy difference between 


the split levels is small. Accordingly, this splitting is not likely to be observed experimentally at room temperature 
on account of thermal agitation. When the temperature is war tae o..08 the thermal agitation is reduced the opt- 


ical transitions from the normal state to the split level states %p and § Pz begin to appear as independent absorption 
bands, which we actually obsérved in the experiment. 
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DETERMINATION OF THE RECOMBINATION COEFFICIENT 
OF OXYGEN ATOMS AT THE SURFACE OF QUARTZ COVERED 
WITH POTASSIUM TETRABORATE 


N. I. Gorban', V. V. Azatyan, and A. B. Nalbandyan 


Chemical Physics Institute, The Academy of Sciences, USSR 
(Presented by Academician V. N. Kondrat'ev, March 30, 1961) 
Translated from Doklady Akademii Nauk SSSR, Vol. 139, No. 5, 
pp. 1141-1144, August, 1961 

Original article submitted March 25, 1961 


The efficiency of recombination of atoms and radicals at a surface determines to a considerable extent the in- 
fluence of the surface on reactions in which these particles take part. In particular, a very marked influence is shown 

by the surface on chain reactions of oxidation and combustion. In view of the extensive occurrence of chain oxida- 

tion reactions involving the participation of hydrogen and oxygen atoms and OH radicals, a particularly large number 

of works have been devoted to the determination of their recombination coefficients on different surfaces. In almost 

all cases the probe method has been used [1-5], A disadvantage of this method is that a considerable concentration 
gradient is created close to the probe (particularly when the efficiency of recombination is high), and this introduces 

a considerable error in the results of the measurements. The use of Wrede-Harteck gauges to eliminate this disadvantage 
[6] makes the method more complicated, 


The electron paramagnetic resonance method has been used by Krongebb and Strandberg [7] to determine the 
recombination coefficient of oxygen atoms on quartz, The measurements were made at room temperature, however. 
The determination by means of this method at the temperatures of oxidation and combustion reactions involves con- 
siderable experimental difficulties. 


An extremely fruitful method for determining the recombination coefficient of hydrogen atoms (€ };) at different 
surfaces is that based on the measurement of the first limit of ignition of mixtures of hydrogen and oxygen in vessels 
covered with the substance under study, or the method based on the measurement of the displacement of this limit 
when rods with appropriate coatings are introduced into the vessel [8,9]. These methods have the advantage that a 
knowledge of the concentrations of the recombining particles is not required; the methods are simple and make it 
possible to determine € } at the temperatures at which combustion processes take place, 


The determination of € ;; from the first limit of ignition of a hydrogen — oxygen mixture is possible, however, 
by virtue of the fact that in this system the concentration of H atoms is many times greater than the concentration 
of O atoms and OH radicals, and this means that the position of the limit is determined by the competition between 
the reaction of H atoms in the bulk, leading to chain branching, and their heterogeneous recombination. 


In order to study the efficiency of the heterogeneous recombination of oxygen atoms (€ 9) by measuring the 
ignition limits, however, it is necessary to choose a system in which the concentration of O atoms would be at least 
commensurate with the concentration of hydrogen atoms, that is a system in which the process of chain branching 
would depend on the rate of the reactions of atomic oxygen. Such a system, is the low-temperature combustion of 
carbon monoxide in the presence of small quantities of added hydrogen [10-12]. 


The mechanism of this reaction close to the first limit of ignition can be represented by the following scheme: 


Hz + = 20H; (0) 
OH + CO = CO, + H; 


(1) 
H + O2 = OH + 0; 


tris 
| 
| 


H +wall+ chain rupture (IV) 
O-+wall+ chain rupture (V) 


On the basis of this scheme, from the critical condition for spontaneous ignition, we readily obtain the express- 


fon 


(0,)c° — (ea)? [ 1. | 


ks (Ha) (1) 


~— where (O,)©° and (H,)© are the concentrations of oxygen and hy- 
drogen at the first limit of ignition, and kj denotes the rate constants 
of the corresponding reactions, The superscripts indicate that the 


° 
f Se 4 quantities refer to mixtures of CO and O, containing small quantities 
ES of added Hy. 
2 


10} 2 In the case of reactions of heterogeneous chain rupture in the 
” ony kinetic range, k, and ks are independent of the composition of the 
0 hy 500 50°C mixture, Omitting the superscripts for these constants and replacing 


concentrations in Eq. (1) by the partial pressures, we obtain: 
Fig. 1, Relationship between the ignition 


limits and temperature for 2H, + O2 (1) and y ar 
2CO + O» + (2,3,4) mixtures: 2) x = 6.0%; Re (1 


Pa = 2 
3) 4.0%; 4) 1.95%, 10°. (2) 


mm From this expression it follows that when reactions (IV) and 
10 (V) take place in the kinetic range, the relationship between poo 
2 


{ and 1/ ~ at constant temperature should be given by a straight 
2 
= ™ line whose intercept on the y axis is equal to 
5 


(3) 


0 and whose slope is equal to 


co (oe) 
Fig. 2. Relationship between and 1/ 

O2 He tang = ky. (4) 
at different temperatures: 1) 550°; 2) 575°; 1019 

3) 600°; 4) 620°; 5) 640°. 


Thus having measured the first limits of ignition for mixtures of CO 
and O, containing different small quantities of added hydrogen at different temperatures, we can find tan & and b, 
and by using the known value of kg we can determine ks from Eq. (4). 


The coefficient (€ ¢Q) for the recombination of O atoms can be found from the value of ks by means of the ex- 
pression 


ks ’ (5) 


where vo is the thermal velocity of the O atoms and d is the diameter of the vessel [8]. 


If in the temperature range studied 


—E,J/RT 
= ee 


then from Eqs. (3) and (4) and the temperature dependence of vo we can readily obtain the equation 


O +H, =OH+H; (III) 
* 
a 
| 
a 
t 
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Es—E 
tana Es 


et, V 8Rinm, 
ko = (7) 


ta 
According to Eq. (6) in this case the relationship between log ee and 1/T should be given by a straight line. 


The slope of the straight line and the known value of E, can be used to determine Es, and from the initial ordin- 
ate, equal to log kg (k3 + 10"), we can calculate EO: 


The experiments were carried out in a 2,8 cm diameter, 14 cm long quartz vessel covered with potassium tetra- 
borate. Before the measurements were made, the surface was treated by repeated ignition of hydrogen — oxygen mix- 
tures in the vessel, so that the limit was reduced to a stable value, The method of carrying out the experiments has 
been described earlier [14]. 


The ignition limits were measured in the temperature range 550-640° for 2CO + O, mixtures containing 1.95, 
4.0 and 6.0% Hg, and for a 2H, + O, mixture, The results of these measurements are given in Fig. 1. The values of the 
ignition limits obtained are smaller by factors of 100 and more than the:corresponding limits in a vessel covered with 
MgO, which causes reactions (IV) and (V) to take place in the diffusion range [15]. 


The low ignition limits of mixtures of Hg with O, and of CO with Og, together with the fact that the values of 
the limits are dependent on the state of the surface, indicate that reactions (IV) and (V) take place in the kinetic 
range. 


Since 


H, 


where [o,}2 is the concentration of oxygen at the first limit of ignition of the hydrogen — oxygen mixture, the right- 
hand side of expression (3) can be replaced by PG? This means that the intercept cut off on the y axis by the straight 


line PO, vs. pee is equal to the partial pressure of oxygen at the first limit of ignition of the mixture of Hz and Oy. 


The relationship between PS. and pee at different temperatures is given in Fig. 2. The Figure shows that 


the experimental data confirm the correctness of Eq. (1). These straight lines were used to calculate tan o and b. 

The relationship between log tan &/bT!5 and 1/T is shown in Fig. 3. The value of Es-E;, calculated from the slope 
of the straight line given by Eq. (6), was found to be equal to 5.6 4 0.2 kcal/mole. Since Ey = 11.7 + 0.7 kcal/mole, 
we obtain [15] E; = 6.1 + 1.0 kcal/mole. The value of €o calculated from Eqs. (6) and (7) from the intercept on the 


y axis and the value of kg = 1.1- 10°” cm® - mol ~*sec™', was found to be equal to 1.65 - 10° sec"! 


Thus in the temperature range studied, €G can be represented 
in the form 


8 


From the values of b found graphically and the known value of k, 
[15], according to Eq. (4) and an expression analogous to Eq. (5) 

1097 —> for different temperatures, we calculated the recombination coef- 
ficient of hydrogen atoms at the wall (€ 4), the value found being 


= 


log (tan «/bT!*5) 


Fig. 3. Relationship between log tan «/bT*® 
and 1/T, = 9-10-14 


The values which we found for € }show good agreement with the values obtained by A. B, Nalbandyan and 
S. M. Shubina [9] and by N. N. Semenov [16]. 


where 
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Our previous calculations [1] of the change in the chemical potential 4) accompanying the adsorption of gas- 
eous argon on the surface of graphite have demonstrated that statistical calculations based on theoretically derived 
potential adsorption energies can yield satisfactory approximations to the 4u of monoatomic gases at small surface 
coverage 9, We will now compute the 4y for the adsorption of a polyatomic molecule, benzene, on graphite. 


When ® is quite small in the case of either localized or nonlocalized adsorption [2,1] we will have 


where f,, f and N,, N are the partition functions and the number of molecules in the adsorbed layer and the vapor 
phase respectively. Using the approximation [3] 


(2) 


a class” 
where 


an HAT doy... dpadgr . . dqn (3) 


(n is the number of degrees of freedom of the adsorbate molecule; H is the hamiltonian function; Pa and qp are the 
components of momentum and coordinates respectively), while 


ff harm,osc. quant./ harm, osc, class. (4) 


where fharm.osc.quant. and fharm.osc.class, are the quantum-mechanical and classical forms of the oscillator parti- 
tion functions calculated from the contour of the potential energy surface for the adsorbed molecule in the vicinity 
of the minimum. 


For an adsorbed benzene molecule [4,5] 


(Po—Pycosd)® | Py (5) 


H=* + 54+ 3¢ 


where m is the mass of the molecule; A and C are its moments of inertia relative to the molecular diameter and to 
the normal through the center of the benzene ring respectively; py, Py: Pz» Pg» Pg» Py are the momentum compon- 
ents; x, y, Z are the cartesian coordinates of the molecular center of benzene (the plane x, y, z = 0 passes through 
the carbon atoms forming the basal plane of graphite); , 9, ¥ are the normal Eulerian angles; and ® = © (x, y, z, 9, 


= — a) 
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%, ¥)is the potential energy of an adsorbed benzene molecule, We determined © by summing the potential interaction 
energies between the centers of force in benzene and in the absorbent.* The potential interaction energy between the 
adsorbed molecules was ignored, ** 


The function © was evaluated for various orientations of the benzene molecule relative to the principal plane 
of graphite at various values of z and $ = 0 [7,8]; we found that for our value of z and ® = 0 the function ® is rela- 
tively independent of the molecular orientation of benzene. In our present work we neglected the dependence of © 
and of the equilibrium distance Zp on x, y, and ¢. In deriving © as a function of z, , and ¥ we treated the benzene 
molecule as a regular plane hexagon with the force centers i (the CH groups) located at the corners. To express the 


potential energy ®j forthe interaction of an i-center (a CH group) of the adsorbate with the entire adsorbent lattice 
as a function of z; we used the expression [1] 


Ugn = — Cypr2in", = — Carpazin”, 


(7) 
Uo = Byke~ (9191 + Up242), = Zo. 


The constants for the van der Waals attraction to benzene, C; = 6C,j and C; = 6C,;, have already been evalua- 
ted in [7] using the Kirkwood — Muller formula [9] and also by means of an equation similar to ours in [7, 10]; the 
constants p, q1, Pz, dg and 2 have been determined in [1]. The zjo for the CH group was taken as equal to the sum of 
the effective van der Waals radius of CH (1.85 A, half the van der Waals width of benzene) and half the distance be- 
tween the lattice planes (1.70 A), which adds up to 3.55 A, 


The energy ® is obtained by summing over all 9j, 


8 6 
® (a, B,p) = +B sintp)—* + uoa 5) +B sin + 
i=1 (8) 
6 
u e (ath sin — 1) 


a B sin (i — 1) +yp. (9) 


Substituting expression (5) into Eq. (3) and integrating the resulting function while taking into account the sym- 
metry number (co) of the molecule and the partition functions for the internal vibrations (jy) we end up with the ex- 
pression [4] 


*In [4] ® was determined by integrating the potential energies for the interactions of volume elements of benzene 
with volume elements of the graphite lattice. 

** The measured differential heats of adsorption of benzene on graphitized thermal carbon black with an homogeneous 
surface showed [6] that in the case of benzene adsorption the interaction energy between the adsorbate molecules is 
indeed very small. 


*** The distance from the center of a CH group to the center of a hexagon the formed by the benzene carbon atoms 


(d) was evaluated by means of the formula d=rco_¢+/fco_y ots = 1,87 A, [4], where tc wan? 1.39 A is the 
C~—C bond length; tc_ 4, = 1.08 A is the C—H bond length; OH and ®9¢ are the potential energies for the interac- 
tion of H and C respectively with the principal graphite plane when 2j = zjo (z; is the distance from the force center 
i to the plane, x, y, z = 0; 2jo is the corresponding equilibrium distance), oj and oc were evaluated by using Equa- 
tions (6) and (7), The polarizability cy and the diamagnetic susceptibility XCH of the aromatic CH group were as- 
sumed to be equal to the sum of the atomic o and x values for C and H; we also assumed that &c/opy and XC/XH 

in an aromatic CH group were equal to the corresponding ratios in an aliphatic CH group. For the H and C atoms of 
benzene we took zjo equal to 2.90 and 3,55 A respectively. 


where 
where 
nae 
| 
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where 
Qn d/. 270 


(11) 


and s is the adsorbent surface area. The last integral (11) was evaluated graphically and the results are presented in 
Table 1. The Table shows that the subintegral function f (¥) is practically independent of ¥, Hence Q = 2m - 0.185 
10° and fa class = 0.74 + 10 


TABLE 1, The Evaluation of Integral (11) for Benzene Adsorbed on a Graphite Surface 


® 
at 283K; = (— 100) =| 


¥=0° 


B 


0 0,00 2,21-408 0,00 
0,025 0/0475 1,92-10° 0,0912-10° sige 
0,050 0,0953 1,53-10° 0,146-108 
0}1934 0,556.10 | 0,108-108 | 0,556-108 0,108. 40° 
0,20 0,4103 0,049-108 0,020. 108 
0,30 06926 | 0;0050-10° | 0,0063-40 | 00044-4108 
0150 3/008 0/00079-10* | 0,0024-108 | 0500045-10*] —0,0014-108 
f (tp) = 0, 185-408 f (sp) =0, 185-408 


Proceeding with our case [4] we get 


= (hv,/kT) (hve/kT)? [1 — 
— exp(—hv,/kT)]“1 [1 — exp (— hve/kT)]-*, (12) 


where V 7 is the vibrational frequency of the molecular center of benzene along the normal to the plane and V 9 is 


the frequency of torsional vibrations, In the vicinity of the potential minimum 


8=0 io 


2 
D = + 1) + (G2 + 1) + 


From this we get 


— 3D 


Substituting these values into Eq. (12) and (2) we get v** = 1.8 and f a = 1.33 


d 
: 
( 210 ) 
= 30° 
where 
3 as) 
.-; 
10% 
| «10° sj /o. 
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The partition function for a benzene molecule in the vapor 
phase (® = 0) is 


kcal/mole 


where v is the gas volume. Substituting expression (17) and (10) into 
Eq. (1) and using the approximation (2) and also assuming that o and 
jy remain unchanged after adsorption we get 


4 6 


The change in the chemical potential of 
benzene as a function of the graphite sur- 
face coverage at 20°, 1) Calculated from 
experiments on graphitized carbon black; 
2) calculated theoretically. 


Ap = — RT In (18) 


where Pp’ 760 mm Hg (standard gas pressure); Wp = 40 A? (11, 6) is the 
area occupied by a benzene molecule in a compact monolayer; and 


= Wr/(s/Na). 
TABLE 2. The Results of Approximate Calculations 
Type of calculation 


Error in Ay, 


fa class. 


expt, 
Nos, 


kind of approximation 


10°*sjy 


kcal/mole 


1 ri the function = 
ai 


) is obtained from Eq, (8). 


0,74 0 0 
2 et normal to the surface is a har- 
se oscillation and ® is independent 
k, (9 
® (z, = D(z, 9), 202, ) (z — 20)? 0,72 3% 0,016 


3 | Same as above but with the assumption 
that kz (®) except at =0, 


0,68 9% 0,05 


4 Harmonic oscillations normal to the sur- 
face and harmonic torsional vibrations: 


k,(z— 2)? k 
(z, 9) = O,_, -- 0,23 a factor of 
8=0" 2 


3.2 


0,68 


Harmonic oscillations normal to the sur- 
face and free rotation 


3 
O(z)=O,_, + a 44,5 a factor of 2,4 
8=0 2 
Substituting these values into Equation (18) we get 
Ap = — 3,15 + 1,34 Ig 9 (19) 


for the transfer of benzene from its vapor phase at 760 mm Hg to the principal plane of graphite at 293°K, 

In the figure we have plotted the initial portion of the experimental curve alongside the Ay =f (8) curve 
based on theoretical calculations. The experimental curve 1 was derived from the adsorption isotherm reported in 
[6] by using the thermodynamic relationship Au = -RTIn 760/p(®). The calculated curve 2 lies quite closely to the 


experimental, Thus even in the case of a polyatomic molecule purely theoretical calculations yield values of 4 u 
close to those obtained experimentally. 


Let us now examine briefly some of the other approximations. In Table 2 we have compared the values of 
fa class Obtained when Eq. (8) is used to determine ® with the values obtained using various assumptions regarding 
the behavior of a benzene molecule at the graphite surface. We have also tabulated the deviations of the fa cjass 
and 4p values in various approximations from the respective values obtained in the first set of calculations. The 
Table shows that approximations 2 and 3, which simplify considerably the calculations, are quite acceptable. 
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As was shown in [1], in a condensed phase cellulose itself is always present in the amorphous state, because the 
temperatures of its conversions from one physical state to another are substantially higher than its chemical decom- 
position temperatures. Therefore cellulose itself does not crystallize, because, as is known, in the vitreous state no 
low-molecular or high-molecular compound can form crystalline structures, 


However, in the case of polymer-like derivatives of cellulose, for instance its triesters, there may be molecules 
present, for which the basic conditions of the crystallization of polymers are fulfilled, i.e. regularity of structure of 
the molecular chains, specific conformation of the molecules necessary to obtain the closest packing and correspond - 
ing mobility of the chain molecules, The latter is attained in the high-elasticity temperature range of the polymer. 


It was of interest to determine the possibility of the crystallization of such a product by way of example of a 
cellulose triester for which all these three conditions are satisfied, We used cellulose tribenzoate for the investigation. 


Attempts to obtain completely esterified high-molecular cellulose benzoate have been made for some time, 


but good results were not obtained except for the mono and diester and the comparatively low-molecular triester 
[2-4]. 


Cellulose tribenzoate was synthesized by the action of benzoyl chloride on purified cotton liners in pyridine in 
an atmosphere of nitrogen. The product was purified by filtering its solutions in methylene chloride, followed by 
repeated reprecipitation by methanol, The reprecipitated product was washed thoroughly, first with hot water and then 
with methyl alcohol, and ether. All the cellulose tribenzoate samples obtained had a similar elementary composition. 


The content of combined benzoic acid was determined by saponification of the ester with alcoholic NaOH, It 
varied from 75,9 to 77.0%, whereas calculations for the triester gave 77.2%, The characteristic viscosity of solutions 
of different samples of cellulose tribenzoate in dichloroethane varied from 4.5 to 5.2, The product obtained gave 
fairly strong films, which indicated that it was undoubtedly a high-molecular substance. 


First, we investigated the temperatures of the conversions of this cellulose ester from one physical state to 
another. For this purpose, we made tablets of the predried product at a pressure of 50-100 kG/cm? and a temperature 
of 100-190", and a residence time of 20 minutes under these temperature conditions. These tablets were used to 
determine the thermomechanical properties of cellulose tribenzoate on an impact balance with a variable load [5]. 


The temperature was increased at a rate varying from 2° in 1 minute to 1° in 2 minutes. The results of the thermo- 
mechanical tests are given in Fig. 1. 


The appearance alone of the three thermomechanical curves obtained is already an indication that cellulose 
tribenzoate is a crystallizable polymer. In actual fact, depending on the time and temperature of preheating of the 
sample during pressing of the tablet and the rate of temperature rise during pressing of the tablet and the rate of 
temperature rise during the thermomechanical tests, for the same rate of deformation of the polymer cellulose tri- 
benzoate shows thermomechanical properties typical of an amorphous polymer, an amorphous-like but crystallizable 
polymer and a crystallized product. Curve 1 in Fig. 1 shows a typical thermomechanical curve for amorphous poly- 
mers, and does not require any explanation, It is true that this curve already shows a certain decrease in the value 
of the deformation in the middle part of the high-elastic region of the thermomechanical characteristics of the pro- 
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duct. This curve corresponds to the minimum temperature 
treatment of the sample. As was first shown by V. A. Kargin, 
V. A. Kabanov and I. Yu. Marchenko by way of example of 
isotactic polystyrene [6] and polycarbonates [7], curve 2 in 
Fig. 1 characterizes a typical variation of the thermomechan- 


na ical properties of an amorphous-like polymer which has be- 
come crystalline during thermomechanical tests. The slight 
| hardening of the product, as a result of its crystallization, 


noticeable on curve 1 has already reached considerable degrees 
on curve 2 (with corresponding increases in the thermal pro- 
cessing time) and the curve shows a marked fall in deforma - 
tions in the section above the vitrification point of cellulose 
tribenzoate. Finally, curve 3 is typical for any crystallized 


polymer at comparatively small loads during thermomechan- 
.- 150 200 250° ical tests. This curve was obtained for the sample subjected 
: ya to the longest period of heating at temperatures above the 
Fig. 1. Thermomechanical curves of cellulose tri- vitrification point of the product. 
2 benzoate: 1) Amorphous; 2) crystallizing during the 


Therefore, by the character alone of the three thermo- 
mechanical curves in Fig. 1, obtained with the same product 
under the conditions of thermal treatment it may be concluded 


tests; 3) crystallized. 


Fig. 2. Spherulites of cellulose tribenzoate (650 x): a,b) In a polarizing micro- 
scope; c,d) ditto in crossed nicols. 
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that the investigated cellulose triester is a crystallizable polymer. Another conclusion resulting from an examination 
of the thermomechanical curves is that at the heating rates employed for the product the optimum conditions for 
crystallization processes in cellulose tribenzoate are evidently those in the 200-220° temperature region. It is in this 
region that hardening of the polymer, characterized by a minimum on the deformation curve in the highly elastic 
region, commences and passes through its maximum, Therefore, to crystallize cellulose tribenzoate this temperature 
range must be used for heating the product. The x-ray pattern obtained when a cellulose tribenzoate film was heated 
in this region is characterized by a fairly dense collection of interference rings. 


Finally, attempts were made to obtain more complex forms of crystalline structures of cellulose tribenzoate. 
For this purpose, cellulose tribenzoate was dissolved with heating in dimethyl phthalate and a 1% solution was dried 
at 200° with rapid evaporation of the solvent (in 10 minutes) and slow evaporation (in 2 hours). 


The spherulitic structures obtained during this investigation are shown in Fig. 2. This figure shows two morpho- 
logical types of cellulose tribenzoate spherulites in a polarizing microscope under ordinary observation conditions 
(a,b) and in crossed nicols (c,d), with a characteristic dark Maltese cross in the latter case. It is noteworthy that the 
two morphological types of cellulose tribenzoate spherulites obtained — with radial (a,c) and annular (b,d) character- 
istics, giving specific optical effects — of distinct structural elements, owe their appearance to the kinetic conditions 
of crystallization; this was also found to be the case for spherulites of certain synthetic polymers [8,9]. Rapid evapora - 


tion of the solvent leads to the appearance of spherulites of the radial type (a,c), while slow evaporation gives spheru- 
lites of the annular type (b,d). 


Therefore, on the basis of an investigation of the thermomechanical properties, x-ray structural analysis and 
direct observations of spherulitic structures it was shown that cellulose tribenzoate is a typical crystallizable polymer 


which can evidently give all forms of crystalline structures. Two of these were obtained and described in the present 
investigation, 


In conclusion we wish to express our thanks to Academician V. A. Kargin for his interest in this work and to 
N. F. Bakeev for helpful discussion of the results. 
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ON THE THEORY OF ANODIC SOLUTION OF SILICON 
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The process of anodic solution of silicon is essentially different from the analogous process of the solution of 
germanium, It was established in earlier investigations [1,2] that a significant role is played by the recombination of 
carriers in the space charge region in the case of silicon, whereas in germanium, on the contrary, this same process 

is negligible. In germanium the holes, necessary for solution are supplied to the electrode from the bulk to the elec- 
trode by electric field forces and by a diffusion mechanism, In the solution of silicon these two mechanisms also take 
place but it is absolutely essential to consider the generation of carriers in the Debye layer. It is obvious that considera - 
tion of the latter process leads to an increase of the maximum possible current flowing through the electrode. 


In fact, without considering the current, related to the generation of holes, the formula for the saturation cur- 
rent would take the same form as that for germanium [3], 


; r+ 
Isat-= niD,e*u_ (1) 


where nj is the number of carriers in the silicon proper, nj is related to the width of the forbidden zone AE by the 
ratio 


ny 


(2) 


Because the width of the forbidden zone for silicon is considerably greater than for germanium, then, in agreement 
with formulas (1) and (2), other things being equal, the saturation current for silicon must be significantly less than 
for germanium 


But it is known from experiment that the limiting currents for germanium and silicon are values of the same 
order. This consideration also indicates the necessity of taking into account the generation of carriers in the semi- 
conductor. The generation of carriers may occur due to surface and bulk recombination. Flynn [2] estimated the 
value of surface recombination required for permitting the observed currents in the silicon. In his opinion the value 
found is too large to be observed in practice, By investigating formula (23) of an earlier work [3] it is possible to ar- 
rive at a similar conclusion, Thus, it is obvious that it is necessary to consider the source of carriers in the space 
charge layer. 


Let us now consider the calculation of the volt-ampere properties of an anodic solution of electrode silicon. 
In silicon which is in contact with the electrolyte there are two characteristic lengths: diffusion and Debye, where 
the first length is significantly greater than the second. At distances of the order of the diffusion length the density 
of the majority carriers does not alter substantially. In the diffusion region (known as quasi-neutral) there are weak 
electric fields, In this region the equations describing the physical values are analogous to the equations in the theory 
for germanium (equations (1)'-(4)" in the work of Volovin and his colleagues [3]). 


The relation between the density of the holes and the hole current is given by the relation below (as we pro- 
ceed we are using the designation given in the work referred to [3]). 


p=b+ (3) 


V AK 
In the region contiguous to the electrolyte there is a major fall in potential in the Debye layer and the density 


of the carriers alters substantially. In this same region a n-p function is assumed. We shall consider furthermore, that 
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in silicon just as in germanium, the surface at the electrode is enriched with holes. In the same way as with german- 


ium the region directly contiguous to the quasi-neutral region loses carriers. In the case of silicon in this region, 
their generation is essential. 


In this region n« 1; p «1, Todescribe the processes we have the following equations: 


where in agreement with the work of Schockley and Reed [4] the value A, equals 


Ai 


m) (p+ D1) Tq, | 


n; is the number of electrons in the semi-conductor proper, N_n and pN_ are correspondingly the density of the elec- 
trons and the holes at the points where recombination occurs; T ny is the life time of the electrons fed into a sample 
of the p-type; E_ the energy level of the trap; Ej the Fermi level in the semi-conductor proper. 


In agreement with the usual assumptions made in the physics of silicon rectifiers, we consider than n « n, and 
p < py. Then we obtain 


A eN_ 
E,— E; E;—E 
n, | +-T,, exp ‘| V_kTx? 


In agreement with the earlier discussion, in equation (7) it is possible to neglect the values z and p in compari- 
son with unity. Because the total potential given at the electrode falls at a distance of the order 10-* cm, then we 
have strong electrolytic fields in this region. Consequently, in equations (4) and (5) it is also possible to neglect the 
A+ and A_. By these assumptions we find the distribution of the charge density as a function of the electric field 


z= (8) 
(to) 


where 2 (to) is the value of the hole current at the boundary of the quasi-neutral and Debye regions. Substituting the 
value z and p in equation (6) and integrating we find the relation between the hole current and the electric field 


(te) 
V Ak 


(10) 


In the same way as for the theory of solution of germanium with large currents, the potential falls in a layer 
poor with carries and equals [3] 


ha (te) \ 
(11) 


y= —In (6+ 


V Ak 


AG 


dz 
(4) 
dp 
(5) : 
Ai (zp — 6); (6) 
dy _ 7 
| Here 
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taking into account the Helmholtz layer the fall in potential equals 


(t) 


Assuming that the hole current at the electrode is related to the electron ratio 


(0) 
~ 


we obtain two equations connecting y, and A, with the total current A: 


hs (to) 
VAk Yrs (13) 
—2In(b (14) 


Equations (11), (13) and (14) are parametric equations, determining the ¥ potential as a function of the total current 
\. With relatively large potentials and currents, in the case when the following relation applies 


the equation may be solved and we find 


r \2 


The results obtained agree qualitatively with experiment. In fact with small values of \ the first term in (15) 
is negligible and we observe a logarithmic relation between the current and the potential. With large currents a para- 
bolic relation between the current and the potential becomes determining. It is then possible to estimate the value 
of the current at which the transition from the logarithmic relation to the parabolic occurs. For this purpose it is 
necessary to compare the derivatives 


From the order of magnitude we therefore obtain the value 


hi 


or, converting to dimensional variables, we find 


en; 


(16) 


where 1/ represents the length of the charged Debye region. Formula (16) agrees with Flynns’ results [2]. In his work 
he assumed the following values for the properties of the semi-conductors used in the experiments: 


I/x = 10-4 cm, E, — E; = 4,6 kT, tp, = 1,2-10-%sec,, Tr, = 4,3 sec, 
In this way the current j, is shown to be equal to j; = 0.610~° a/cm?, which is found to be in good agreement with 
experiment, 


By means of formula (15) it is possible to find the relation between the current and the resistance of the silicon 
in the parabolic region. We have the following approximate relation 


r 
(12) 
(lo) 
= 
di B Ind = dd, | 
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In fact, in the work by Efinlov [1] an increase in current with increase of the resistance of the silicon was observed. 
More precisely, the quantitative comparison of theory and experiment is very difficult at the present time. 


The author writes to express his thanks to V. G. Levich, corresponding member of the Academy of Sciences of 
the USSR for his useful contributions in the discussions. 
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The problem of the interaction of a wave front with a contact explosion represents a special case of the problem 
of the disruption of a spontaneous explosion in a combustible mixture; this problem has been considered in an earlier 
investigation [1]). The development of pressure waves by the flame front with variation in the thermodynamic para- 
meters of a combustible mixture was also investigated by Boa Te-Chu [2]. In both investigations it was assumed that 
the velocity of flame propagation during the interaction remained constant. But experiments show [3] that during the 
interaction between the wave front and the compression waves it is possible that these waves may be intensified, 
which is explained by a variation in the velocity of the flame during the interaction processs [4]. The authors investi- 
gated the reaction of weak pressure wave with the flame front from gasodynamic considerations in an earlier work [5]. 
It is of interest to consider the interaction of a flame front with an entropy wave taking into account the variation in 
the velocity of the flame propagation caused by this wave. 


Let us assume a weak entropy wave and make use of a linear approximation. The system of waves developed 
by this type of interaction is shown in Fig. 1. The disturbance in the combustible mixture arises from the incoming 
entropy wave 5p§ and the pressure waves generated, 5p,. The entropy wave 5p$ and pressure wave 5 p> develop in 
the combustion products. This disturbance is related to the equations of mass conservation, momentum and energy in 
the flame front. Neglecting small values of the order (U/c,)* and above in these equations, where U is the flame pro- 
pagation velocity and c,is the sonic velocity, we obtain 


+ Udpr + Udp, = ps (den — dus + 8U) +2U dps +2U Spa; 


dpi = Sp2 + 2pU (dur — due); (1) 
+ dw, + U dU = bos + +2U — 


Moreover, the following equations are applicable for the waves: 
the incident entropy wave 


e 


e 
1) 


the pressure wave in the combustible mixture 


the pressure wave in the combustion products 


= — 


6 6 

Pa 

2 
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the entropy wave in the combustion products 


Flame ™ Entropy 
front 


We shall assume that the variation in the flame propagation velocity is 


ae related to the variations of the thermodynamic parameters of a combustible 
mixture by the relation 


= A bp. + B 8p, (3) 


au 


Hence, the relation U(p,T,) is considered to be determined experimentally or theoretically. By using (1), (2) and (3) 
we find: 


for a pressure wave in the combustible mixture 


[ or — ps) — = | 


{! + — ps) — + 3) U 
P1C1 Cy 
for a pressure wave in the combustion products a 
— ps) B+ Ucg— —1 2 _9 ( 1+ 2) dp, 
dpe = 1 C2 / cy (5) 
{t+ — — [ra —1) + 2— — 3) 
for an entropy wave in the combustion products BS 
[2222 — — + (12 — 3) | — 


{1+ — (o1— px) + S| 
Ce 


(6) 
e 
P1 
Cy 


In the case when there is a disturbance of the heat supply 5Q in the combustible mixture an expression may also be 
obtained for the values 5 p;, 5p, and dps. In addition, 5U = A 5p,+ DQ, where D = @U/@ Q)piT}. 


For example, the expression for 5 p,, takes the form: 


— P2) 2D +-(¥2— 1) pa 6Q 
= ‘ 
{1+ — (0 — pa) aA 


The presence of the disturbances 5p{ and 5Q in the combustible mixture leads to the development of waves, 
the intensity of which is the sum of the intensity of the waves dependent on each of these disturbances considered 
separately, From the expressions (4) and (7), in the special case of the equation where the variation of the velocity 
of flame propagation is equal to zero the expressions for the intensity of the pressure waves derived in the investi- 
gation by Boa Te-Chu [2], may be obtained. 
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e 
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It has been found [1] that the absorption spectra of polycrystalline cadmium sulfide films at room temperature 
may exhibit one or two maxima in the 460-507 mu region depending on the manner in which the samples were pre- 
pared. The two maxima change in different ways when the temperature is lowered. To be more specific, the long- 
wave maximum splits into a doublet, while the short-wave peak shifts towards lower wave lengths and in certain 
samples splits into a triplet. Consequently it became particularly interesting to investigate the effects of preparatory 
conditions on the absorption spectrum of the compound at low temperatures. 


With this in mind we prepared powder films by subliming cadmium sulfide in various environments, In our present 
study the sublimation was carried out in vacuo, at a pressure of 10°5 mm Hg, or under 0.5-1 mm of either argon or 


hydrogen sulfide. The samples were prepared in an apparatus which ensured complete exclusion of impurities from 
the microcrystalline sublimate. 


In order to determine the exact relationship between the number of bands in the absorption spectrum of poly- 
crystalline CdS films and the conditions under which the films were deposited we first had to eliminate the possibility 
of side effects attributable to variations in the thickness of the investigated films. And to avoid any random effects 
the film thickness in our experiments was varied from 10°§ to 10-4 cm. 


The relationship between the number of bands in the adsorption spectra of thin cadmium sulfide films and the 
preparatory conditions was established on the basis of a large amount of statistical data obtained by us. 


We established the fact that all the films deposited on unheated supporting plates were not luminescent at 
liquid nitrogen temperature and had no absorption bands in the 460-507 my region regardless of the environment in 
which the sublimation was done, Moreover films prepared in vacuo or under argon had a low specific resistance, 
1072-1 ohm - cm, In addition to this, films deposited under hydrogen sulfide on special unheated plates were of both 
the low-resistance and the high-resistance kind, the latter with specific resistances of over 10° ohm - cm. In general 
samples with a specific resistance over 10* ohm - cm exhibit photoconductivity. Yet these films also failed to exhibit 
any luminescence or absorption bands in the investigated region of the spectrum. 


Powdered films of cadmium sulfide deposited on plates which had first been heated to 300, 350, 450, 500 or 550°C 
yielded spectra with absorption bands in the 460-507 my region (at liquid nitrogen temperature) and showed green 
luminescence regardless of the environmentin which the sublimation took place, It is also important to point out that 
the higher the temperature to which the supporting plate was heated the more intense was the luminescence. An 
examination of spectra obtained from various portions of a film surface revealed that the number of bands remained 
always fixed in any one sample (at 77.3°K). The number of bands also remained unchanged after repeated dipping of 
a sample into liquid nitrogen produced extensive cracking of the film. This evidently indicates that there is no direct 


relationship between defect phenomena confined strictly to the surface and the number of absorption bands in the 
spectrum of cadmium sulfide. 


In Fig. 1 we have reproduced in a reduced format the absorption spectra of films deposited in vacuo on a sup- 
porting plate which had first been heated to 300°C. The figure shows that films prepared under apparently identical 
conditions yield distinctly different spectra. Thus, the spectrum of sample No. 244 exhibits no absorption bands, 
film No. 232 yields only a trace of the fine structure, while sample No. 234 yields three distinct absorption maxima 
at 4880, 4840 and 4731 A. The spectrum of the last sample also exhibits an additional fourth (very weak) band at 
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Fig. 1. 


Fig. 2. 
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78 A 


Samples prepared in vacuo even when deposited on plates heated to 500° do not yield more than three to four 
maxima (Fig. 3, 2 and 3), These are located at 4878-4882, 4838-4846, ~ 4792, and 4704-4725 A. The absorption 
spectra of films deposited on plates of the same temperature but in an atmosphere of argon exhibit five bands (Fig. 
4, 3) with maxima at fairly fixed wave lengths, 4873-4878, 4834-4835, 4790-4796, 4702-4704, and 4641 A. 


4785 A, The differences between these spectra were in no way connected 
with variations in the thickness of the absorbing films. Films No, 244 and 232 

had practicallythe same thickness (4 - and 5: cm respectively), 

while sample No, 234 was thinner by one order of magnitude, 6.7 - 10°° cm, 

Yet its spectrum contained the distinct maxima. It should be noted that all 

three samples were photoconducting. Only in the case of sample No. 234 could 
the luminescence be observed with the naked eye. The specific resistance was 
different in each case, the values being 8, 28, and 2 - 10° ohm « cm respectively. 
After comparing the specific resistances one can safely conclude that of the 
samples prepared under the described conditions only those with a high resist- 
ance will exhibit adsorption bands. 


The fact that powder films deposited on supporting plates heated to 300° 
yield two kinds of spectra, some with, some without absorption maxima in 
the indicated region, clearly indicates that the given plate temperature consti- 
tutes a transition point near which the polycrystalline films of cadmium sulfide 
undergo certain changes as they form which result in the appearance of absorp- 
tion bands in their spectra. 


Samples deposited on supporting plates which had first been heated up 
to 350, 450, 500, and 550° will in general be luminescent and have a very 
complex absorption spectrum regardless of the kind of environment in which 
they were sublimed, The number of maxima observed at 77.3°K differed from 
sample to sample and depended on the temperature to which the supporting 
plate was raised before the powdered film was deposited on it. Thus for instance 
samples deposited on plates heated to 350° generally had an absorption spectrum 
with three maxima (Fig. 2, 1). The exact position of these bands differed 
considerably from sample to sample. In films prepared under hydrogen sulfide 
the first maximum fluctuated from sample to sample by 9A (from 4873 to 
4882 A), the second by 17A (from 2832 to 4849A), and the third by 30A (from 
4699 to 4729 A). In samples prepared under argon the displacement is some- 
what smaller: it is 5 A (from 4873 to 4878 A) for the first maximum, 13A 
(from 4838 to 4851 A) for the second, and 11 A (from 4704 to 4715 A) for the 
third. 


However, when supporting plates heated to 450° are used the number of 
absorption bands does depend on the environment in which the samples are 
made, For example, spectra of samples made in vacuo exhibited the same 
number of bands as in the previous case, i.e.,three (Fig. 3, 1). Their location 
varied from one sample to another; the first one from 4875 to 4878 A, the 
second from 4832 to 4849 A, and the third from 4705 to 4735 A. The spectra 
of films prepared under hydrogen sulfide exhibited five bands (Fig. 2, 2) with 
maxima at 4878-4880, 4838-4851, 4800-4801, 4702-4731, and 4641-4676 A 
respectively. We found that the spectra of compounds prepared under argon 


may contain either three or five absorption bands (Fig. 4, 1 and 2), Moreover the wavelengths observed in different 
samples varied from 4875 to 4882 A in the first maximum from 4832 to 4849 A in the second, from 4794 to 4798 A 
in the third, 4701 to 4735 A in the fourth, and from 4650 to 4676 in the fifth. 


We have thus demonstrated experimentally that the appearance and the number of absorption bands detected 
in the spectra of polycrystalline cadmium sulfide films at 77.3°K depends on the conditions under which the samples 
were prepared, primarily on the temperature to which the supporting plates have been raised before the sublimation, 
As the temperature is raised from 350-550° the number of maxima increases from three to five in line with increasing 
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intensity of luminescence, As has already been shown elsewhere [1] these bands 
result from the absorption by cadmium atoms in excess of the stoichiometric 
concentration. The absorbed quantum of light raises an electron from the ground 
level of the cadmium atom ‘Sp state to the excited states *P, and *p, of which 
the first splits into a doublet in an electric field the second into a triplet. 


The temperature of the supporting plate at the time that the powdered 
semiconductor film is deposited apparently exerts its influence primarily by dis- 
turbing the ratio of the two elements in the sublimate. In addition to this the 
temperature may also affect the crystal structure of the powdered deposit. There - 
fore the observed variations in the absorption spectra of samples deposited under 
different conditions should be either attributed to changes in the concentration 
of excess cadmium atoms or to structural changes in the crystal lattice of cadm- 
ium sulfide. According to the theory developed by Bethe [3] the electron levels 
of impurities in a hexagonal lattice will be split by the crystal field in accord- 
ance with the j + 1 ruble. The fact that only the spectra of CdS samples deposi- 
ted on plates heated to high temperatures exhibit five absorption bands ap- 
parently indicates that only under these conditions do we get films of cadmium 
sulfide with a hexagonal lattice. In all other cases the crystals deviate from this 
modification to a larger or smaller extent. 


In concluding the author would like to thank Prof. K. V. Shalimova for 
directing this work and for valuable advice. 
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It was shown previously [1] that the radioactive radiation of solids substantially affects their physicochemical 
properties, namely, sorption power [2-4] and solubility in water [5-7], and also the kinetics of heterogeneous processes 
of isotopic exchange [8-10] and catalysis [11,12]. One possible reason for these phenomena is disruption of the crystal 
lattice as a result of the ionizing action of the radiation emitted and the appearance of recoil atoms and associated 
changes in the surface structure of the solids. 


In the present work we used an electron microscope to study the surface structure of radioactive samples of some 
sulfates (potassium, magnesium, and barium) and also molybdenum trioxide, which were used for investigations of 
adsorption, catalysis, and isotopic exchange. The method of replicas was used to take electron-microscope photo- 
graphs. Preparations of KgSO4, MgSO, and MoOg in the form of fine powders were deposited on a collodion film and 
then the powder was sprayed with a quartz layer 200-300 A thick in vacuum. After the collodion film had been dis- 
solved in amyl acetate, the quartz impressions obtained were washed with distilled water in the case of K,SO,4 and 
MgSO, and dilute alkali solution in the case of molybdenum trioxide to remove particles of the substances investi- 
gated adhering to the impression, The films were then studied in an electron microscope. As a result of the low solu- 
bility of BaSO,4, the method of double replicas was used for preparations of this salt and silver — quartz impressions 
were prepared. 


The radioactive preparations of potassium and magnesium sulfates were obtained by introducing into them 
small amounts of sodium sulfate containing s*® [6]. The BaSO, precipitates were isolated by the procedure described 
previously [2]. The samples of radioactive MoOg were prepared by mixing normal molybdenum trioxide with a pre- 
paration containing Mo” in a definite ratio to give the required specific radioactivity. The mixture was then treated 
with aqueous ammonia solution to form ammonium molybdate, which was subsequently decomposed by heating. The 
MoOs obtained was sublimed at 850°. Data on the preparations studed are given in Table 1. 


Figure 1 gives microphotographs of radioactive and inactive preparations of KgSO4, MgSO,4, BaSO,and MoOs, taken 
under an electron microscope with a magnification of 12000. 


An examination of the photographs obtained shows that the surface of crystals of inactive preparations is rela- 
tively smooth. The surface of radioactive crystals was found to be strongly developed. The introduction of a small 
amount of radium into a BaSO, preparation (Fig. 1, 3d) led to a particularly sharp change in the surface structure 
of the crystals. 


Preparations of KgSO4, BaSO4 and MoOg which had been subjected to external irradiation with electrons with 
an energy of 800 kev also under went some changes in surface structure, It should be noted that although the dose 
received by preparations during external irradiation was considerably higher than in the case of radioactive radiation, 
the changes in the surface of the irradiated samples were less marked, as is shown by Fig. 1, 1d, for example. Similar 
microphotographs for the other irradiated preparations are not given as they differed insignificantly from the corres- 
ponding inactive samples. 
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TABLE 1. Preparations Studied 


Sample of preparations, 
Preparation No. tent, % | 


when prepared |at time of experi- 
ment 


K2SO, 1a 0 0: 
K:50, 1b 3 19,0 19,0: 
K2SO, 3 98,8 0,3. 
1d 0 6 
K250, te 3 10,8 10,8 


MgSO, 2a 2,07 4,5 1,7-10-2 
MgSO, 2b 24,87 180,6 4,5-40-2 
BaSO, 3a 0 0 
BaSQ, 3% 5 0,03 
BaSOg 3c 100 3,4 
Ba (Ra) SOg 3d 3-10-TofRa 3-10-TofRa 
MoOs 4a 0 0 
MoO; 4b 4 3,9 
MoO; he 8 7,7. 
MoO, 4d 14 13,5 


TABLE 2, Grain Size Distribution of Radio- The observed disruptions of the surface were distributed almost 
active and Inactive Potassium Sulfate uniformly over the whole of the crystal of the radioactive substance; 


Samples we observed no deep cavities as in the case of preparations irradiated 
; with neutrons [13]. The changes in the surface of radioactive prepara- 
Fraction content, 7 tions were superficially reminiscent of phenomena occurring during 
Size of sieve | inactive radioactive the etching of metals with an ion beam [14, 15}. 
Sa oe Croggmc aS A comparison of 1a with le and 4a with 4b, and 4d in Fig. 1 
indicates that the disruption of the surface of radioactive samples 
occurred even during the separation of the solid phase from solution 
from th dium. These disruptions developed and in- 
—0,28-+40,16 53,96 0,36 or from the gaseous medium. These disruptions developed and in 
--0,16-++0,13 15,94 1,29 creased as radioactive decay proceeded in the preparations studied 
=9'4040'09 rye ae (Fig. 1, 1c). The irradiation by electrons or other charged particles 
—o'09 6.98 56,06 apparently caused the formation of a mass of new active center, i.e., 


crystallization nuclei, during the crystallization of the solids. In 

actual fact, during the separation of the radioactive salts from solu- 
tions there was a change in the distribution of the particle sizes in comparison with an inactive preparation, There 
was a considerable increase in the content of fine fractions. As an example, Table 2 gives the results of determining 
the particle sizes of radioactive and inactive preparations of K,SO,4, crystallized under identical conditions. 


As regards the reasons for the formation of surface heterogeneities on radioactive preparations, it may be sur- 
mised that additional crystallization centers are produced by the radiation directly on the surface of the radioactive 
salts, leading to the breakdown of coarser crystals and corresponding disintegration of the surface (Fig. 1, le) and in 
some cases to the formation of a dendritic structure. The latter occurs, for example, in the separation of molybdenum 
trioxide from the gas phase (Fig. 1, 4c and 4d). 


The subsequent development of the surface of solids under the prolonged action of radioactive radiation is more 


reminiscent of radiation corrosion [14,15] than the radiation growth of crystals observed during irradiation with neu- 
trons [16]. 


The structural peculiarities of the surface of radioactive samples have a marked effect in adsorption processes 
[2-4]. Thus in the absorption of methanol, benzene and hexane vapors by BaSO, precipitates, it was found that the 


‘ 
a 


Microphotographs of preparations: 1) KpSO4; 2) MgSO4; 3) BaSO4; 4) MoOg. (see Table 1 for 
notation of preparations). 


adsorption of these gases per unit surface is much higher for radioactive samples than for inactive samples. This indi- 
cates substantial differences in the surface structures of radioactive and inactive samples. 
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In the grinding of a solid body in a vacuum or inert gas, a surface is developed which contains a high concen- 
tration of ruptured chemical bonds. Hence, the surface will possess a high adsorption activity. It was shown earlier 
that graphite which is extremely inert at the usual temperatures, after dispersion in liquid argon possesses pyrophoric 
properties. Feigin observed the intense rise in temperature of graphite which had been ground in a vibrating mill, 
when it combined with air [2]. Investigation into the properties of the surface of a ground solid body and its interac- 
tion with molecules of different materials is of fundamental interest for the study of the reactivity of the surface of 


a solid body and for research into methods for the modification of the surface with the aim of obtaining more effi- 
cient adsorbents and polymer fillers. 


In the present paper the results are given of an investigation into the physical and chemical adsorption of oxy- 
gen on highly disperse graphite obtained by grinding the original sample in a laboratory vibro-mill in an atmosphere 
of argon. Two samples of natural graphite were used — one of which was submitted to a special purification. The sam- 
ples which were obtained after dispersion had a specific surface of 275 and 400 m*/g. They were transported to the 
volumetric apparatus without coming into contact with air. After the cycle of adsorption measurements with oxygen 


was carried out the specific surface was determined from the low temperature adsorption of nitrogen by the BET 
method. 


The results from the oxygen adsorption measurement on the surface of fresh ground graphite at room tempera - 
ture are presented in Fig. 1. As can be seen from Fig. 1. the specific adsorption values for both samples fit onto one 
isotherm quite well, which is evidence that the surface properties are reproduced satisfactorily with the grinding 
method employed. A certain part of the oxygen may be sorbed on fine iron powder which is always present in a few 
parts of a per cent in graphite which has been ground in a vibro-mill. Blank tests carried out for this purpose [3] 
showed that the adsorption value on iron did not exceed 0.5% of the adsorption value on graphite. 


The interaction of oxygen with a surface of freshly ground graphite observed at room temperature is a typical 
case of activated chemical adsorption [4]. The physical adsorption of oxygen under these conditions is insignificantly 
small. In the initial stage the adsorption equilibrium is attained extremely quickly, which is shown by the low activa- 
tion energy of the process. With a further increase in pressure adsorption increases slowly. Kinetic equilibrium is ob- 
tained in the region of the rectilinear section of the isotherm in a period which takes ten times longer than in the 
initial part. Evidently, the surface of the graphite is very non-uniform and consists of parts with different adsorption 
activity. The saturation of the surface by chemically adsorbed oxygen is practically completed at a pressure close to 
atmospheric. Subsequent measurements of desorption showed that practically all the adsorbed oxygen is irreversibly 
combined with the surface of the graphite. As we would expect, by carrying out a second adsorption cycle on the 
oxidized sample no noticeable absorption of oxygen was observed (Fig. 1.). 


With the aim of investigating the stability of the properties of the surface of freshly ground graphite, measure - 
ments into the chemical adsorption of oxygen were carried out on separate parts of one sample of highly disperse 
graphite (S = 400 m */g) left for 1, 10 and 30 days at room temperature in an atmosphere of argon. 


No variation of adsorption activity was observed, in these tests. In the case when one of the flasks containing 
unoxidized graphite was heated for 50 hours at 300°, a reduction in the specific adsorption, approximately by 20% 
(Fig. 1) was observed. Probably this is connected with the saturation of part of the surface by gas molecules evolved 


« 


Fig. 1. Specific chemical adsorption isotherms of 


oxygen on the surface of freshly ground samples of 10 
vibro-milled graphite (1) with a specific surface Wy lg 

of 275 m?/g; (2) 400 m?/g; (3) on samples of non- 

oxidized graphite (S = 400 m?/g), heated for 50 h. 10} shi 

at 300°; (4) heated for 24 h. at 800°; (5) isotherm 5 ant 

for oxidized sample (S = 400 m*/g). Black points ai a2 a3 04 
are desorption values. 


Fig. 3. Low temperature adsorption isotherms of oxy- 
gen (a,b) and nitrogen (c) on samples of pope: un- 
oxidized (1) and oxidized (2) (S = 400 m*/g). The 


um/m?2 


dotted desorption curve was derived from Fig. 2. 


from the glass during its heating. By heating the graphite 
sample in a quartz flask, previously heated for 24 hours at 
800°, a reduction in adsorption by 10% altogether was ob- 
served (Fig. 1). So high a stability of free radicals on the 
graphite surface permits it to be used as a suitable subject 
for the investigation of the mechanism of the elementary 
Fig. 2. Adsorption isotherms of oxygen at a temper- interactions of different molecules with the surface radi- 
ature of -196° for samples of graphite: non-oxidized cals. 
(1), and oxidized (2), (S = 400 m?/g). 


Investigations [2] into the structure of finely ground 
graphite show that during its dispersion with dry air, the 
crystals fracture over all the crystallographic directions. Hence a large surface emerges containing a high concentra- 
tion of ruptured 7 and o bonds. Part of these unsaturated radicals is maintained on the surface and they are the centers 
of the chemical adsorption of oxygen. On the other hand, in the grinding process of graphite possible deformations of 
the crystal lattice in the basal plane may lead to an increase in the activity of the 7 electrons of the conjugated 
system of bonds [5] and consequently to an increase of the adsorption activity. 


In order to explain the properties of the oxygen interaction with the graphite surface at low temperatures, oxy- 
gen adsorption isotherms at a temperature of -196° were measured (Fig. 2). As can be seen from Fig. 2 the primary 
adsorption isotherm is characterized by an extremely steep initial section. The unimolecular layer (a,, by the BET 
method) is atained under a pressure of a few millimeters of mercury. After the completion of the adsorption cycle 
and maintaining the sample for 3 hours under a layer of liquid oxygen the desorption isotherm was measured. From 
Fig. 2 it follows that over the whole range of pressures the desorption curve lies above the primary adsorption iso- 
therm. Because of the specific character of the method we were not able to carry out measurements of desorption in 
the region of very low pressures in our apparatus, In this connection, after measuring the last desorption point at 
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P/P, = 0.03, the samples were pumped out for 6 hours at a low temperature and its temperature was then slowly in- 
creased with continuous pumping. Measurements of the chemical adsorption of oxygen which were then carried out 
at room temperature gave values all of which were 15% below the corresponding isotherms for the unoxidized sample 
(Fig. 1). It is possible that the small reduction in the adsorption value is connected to the partial oxidation of graphite 
with increase of temperature. After carrying out the desorption we observed an extremely protracted period in the 
evolution of the remaining quantity of oxygen. This experiment shows that at low temperatures no noticeable oxida- 
tion of the surface occurs. For confirmation of this proposition, after complete oxidation of the graphite at room temp- 
erature, an analogous cycle of adsorption-desorption measurements were carried out at -196°. In Fig. 2, it can be 

seen that the results of the measurements fit extremely well onto the corresponding isotherm curves for the original 
unoxidized sample. These results confirm the conclusion referred to above that there is no noticeable irreversible 
chemical adsorption of oxygen at low temperatures. The latter is found to be in agreement with measurements on 
activated carbons considered by Dubinin [4]. 


As can be seen from Fig. 2, both the original and oxidized specimens of graphite have a hysteresis loop extend - 
ing into the region of low relative pressures. It is difficult to believe that hysteresis in this region of pressures is de- 
pendent on capillary condensation, More probably, the fact that the desorption values are a little above the adsorp- 
tion curve in this range of pressures is related to a certain swelling of the specimen due to the penetration of the 
oxygen molecules into the interplanar spaces of the graphite crystals which are considerably destroyed in grinding.* 

In the region of high relative pressures hysteresis is obviously connected with capillary condensation in the pores and 
gaps between the particles. The desorption isotherm at P/Ps = 0.25 shows a discontinuity, probably connected with 

the liberation of a proportion of pores covered at high vapor pressures. This discontinuity is not observed when carry- 
ing out the adsorption-desorption cycles in the region of low pressures (Fig. 3a, b). It should be noted that the hystere- 
sis phenomena, both for unoxidized (Fig. 3a) and oxidized (Fig. 3b) graphite specimens, are already observed in the 
initial part of the adsorption isotherm. Only after carrying out a series of adsorption and desorption cycles (without 
pumping) do the adsorption and desorption isotherms coincide with each other and with the desorption isotherm (Fig. 
2). But the difference indicated in the shape of adsorption and desorption isotherms is invariably reduced with protrac- 
ted pumping of the specimen. No such hysteresis phenomena are observed for the nitrogen adsorption isotherm (Fig. 
3c) in the same region of relative pressures. To all appearance this is related to the high ability of the oxygen mole- 
cule to penetrate at low temperature in comparison with nitrogen.** In this connection, the specific surface of a 
highly disperse graphite, calculated from the low temperature adsorptionof nitrogen (Fig. 3c) may be slightly under- 
estimated in comparison with the surface accessible to the oxygen molecule. This condition has no real importance 
in the results given in this paper, 
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*It is known that in the formation of graphite oxide the interplanar distances increase from 3.36 to 6.3A. With dis- 
persion this distance also slightly increases (3.6A) [2]. Swelling of the graphite specimen due to the introduction of 
water molecules into the interplanar spaces was observed in the investigation of de Boer and Van Doorn [6]. The iso- 
therms obtained by these authors are similar in shape to those reproduced in Fig. 2. 

**de Boer and Van Doorn [6] showed that as distinct from water molecules, nitrogen does not penetrate into the 
interplanar spaces of graphite oxide. 
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Nitroaminobutadienes, a general synthesis of which was first developed by two of the authors [1], presumably 
exist in a tautomeric ketimino-enamino equilibrium, 


NO, 
| 
RNH — CH = C—-CH=C 


R’ NO, R’ 


| 
= RN = CH—CH—CH =C 


R’ R” 


or in the form 


=C (2) 


(R=CH,,CgHy; R"=NO,, CN, H) 


which has an intramolecular hydrogen bond. Chemical data tend to favor the latter. In order to decide unequivocally 
between the two possibilities and establish the conjugation pattern as well as the electron density distribution in the 
examined molecules we resorted to methods based on Raman spectroscopy. 


As in our previous work [2,3] the compounds were dissolved in acetone and the intensity of the measured line 
was determined with reference to the acetone line (~ 1710 cm='). Many of the derivatives containing phenyl rings 
were intensely yellow. The solutions of these were made very dilute, 10-*-107* moles/liter. We were able to get the 
spectra of such dilute solutions only because of optical resonance (proximity of the exciting line to the absorption 
bands of the molecule). In other cases more concentrated solutions were used, 10-°- 107? moles/liter. The experi- 
mental set up was the same as that used before [2,3]. The experimental results are compiled in the table. 


One distinct feature of the nitroaminobutadiene (I-IX) spectra is that in the ~ 1310-1390 cm=! region two lines 
appear instead of one which effect can be definitely attributed to the splitting of the completely symmetric bond 
vibration of the nitro-group. Compounds VI and VIII are probably no exception either; from the spectra one must 
conclude that the two components are so closely spaced that they can not be resolved by the apparatus. The total 
intensity of these two lines generally exceeds by a considerable amount that of all the other lines in the spectrum. 


In addition to this it is noteworthy that the C = C double bond vibrations in all the molecules except VII and 
IX have such a low intensity that the corresponding band could not be observed in the least colored solutions (I, II, 
and IV). The same can be said for the C = N bond vibrations in compounds II, III, V, and VI. 


One must point out that the spectra of the aliphatic molecules (I-III) contain lines which appear at frequencies 
highly unusual for such compounds (1540 and 1590 cm~'). Though these lines are not very intense they can not be 
positively assigned to either overtones or compound vibrations. Similar lines may possibly exist in the spectra of aro- 
matic derivatives but superimposed on the more intense antisymmetric benzene ring vibration. 


All the observed facts are in satisfactory agreement with the structural formula (2) for nitroaminobutadienes. 
In fact the intramolecular hydrogen bond may be responsible for the splitting of the completely symmetric vibrations 


(1) 
\ 
a 
R-N 
A 
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ofthe nitro group. The weak lines at 1540 and 1590 cm~ ‘ noted above* one would naturally attribute to the vibrations of the 
six-membered ring formed through the hydrogen bond. The C = C double bond would presumably lose its specific character 
in such a ring which would explain why the coefficient I¢ ~ ¢ for this vibration is so small in most of the spectra. The high 

value of this coefficient in compound (IX) apparently results from the inability to form a hydrogen bond of the discussed type, 
while in compound (VII) it may be due to the strong effect of the coupled side chain. Finally the overall increase in the inten- 
sity of all the vibrations (particularly those of the nitro group) in the aromatic compounds in comparison with the aliphatic 

indicates that benzene is coupled through the imino group to the conjugated system of the new ring as shown below 


R 


Frequencies and Intensity Factors of Various Lines 


-NO2, com-|-NOg, | -CgHg, anti- 


Compound letel anti- |symmetric Fa 
vibrations {metric 


0 
1325-41350] 1500 1610 
H (1,3-+0,2) | (0,25) (0,1) 
NO; 
CO00C,H 
11* | * | 4315-41340 1490 1655 
N (10-++6,2) | (~0,2) (0,1—0,2) 


CN 


13154-1325 
(12) 
NO, 


132041390 1585 
| H (4,0+-4,8) | (6) (11) (1,6) 
NO; 
| 131041340] 1490 | 155041595 |? 
CN (50-450) (17) | (16417) 
NOs 
CN 
VI 1320 | 1480 | 152041580] 
N (95) (6) (12+-12,5) 
2 
Vil | | 131541350| 1590 1615. 
| (604-90) (80) (90) 
NO; 
VIN 1345 | 1500 | 155544580] 


140 46 60-+-65 
ho. (140) (46) | (60-65) 


IX HsCe—NH—CH =CH—CH =N—C,H; 15554-1590 1655. 
(75-+-45) | (20). 
X H;C,—CHs — — 1585+-1605 
(0,02—-0,03) 
XI H,Cg—NH—C,H; 1600 
(0,36) 
XII HsCe—NH—CC 1530-+-1590 
CH, (0,08--0,25) 
XIII =| HsCs—CH=N—CgH; 1595 
(~3,6) 


(2,8) 


* Weak bands are also observed in the 1540-1590 cm7! region. 
** Strongly activated ring vibrations show up in the ~ 1500 cm™ region of the spectrum. 

“*It is not out of question, however, that these lines may represent the components of split antisymmetric vibrations 
of the nitro group, but it would then be difficult to account for the line at~ 1500 cm™* 
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vibra - 
tions 

— 
* 1490 ? 
(~0,2) 


It now becomes interesting to find out to what.extent an imino group acts as a "conductor" in a conjugation 
train, Recently Shorygin and Alaune have shown [4] that a NH bridge does not completely eliminate the conjugation 
of a phenyl ring with certain groups in the para position. At the same time other groups and atoms, such as CH», O 

and S, can effectively hinder conjugation. The authors mentioned above believe that a NH bridge plays an important 
role in the excited state of the molecule. 


We have in our turn investigated the spectra of relatively simple molecules containing imino groups (the table, 
XI and XII). To this we should add the data pertaining to separated phenyl rings (X) and phenyl rings known to be 
conjugated through C = N (XIII) and C = C (XIV) bonds. Our current results for compounds which had been investiga - 
ted before are in practically complete agreement with the earlier data [1]. It actually turns out that an imino group 
slightly promotes conjugation, Yet one could hardly attribute the effect entirely to the excited state. One can see in 
the table that in almost all the cases the frequencies of the completely symmetric vibrations of the nitro group have 
low values. This indicates that the conjugation also affects the ground state of the molecule; hence the conclusions 
made in [4] are not necessarily applicable to all cases. 


In concluding we would like to point out that in addition to the intramolecular, intermolecular hydrogen bond- 
ing as well as Fermi resonance could also be responsible for the splitting of the nitro group vibration. Similar effects 
in the specta of nitroparaffins have previously been attributed to Fermi resonance [5]. Certain experiments enabled 
us to reject intermolecular hydrogen bonding as a possible cause of the observed splitting. The experiments involved 
a study of the concentration dependence of the relative intensities of the components of this splitting, We would 
begin with a saturated solution of compound (I) in acetone and gradually dilute it with a nonpolar solvent, carbon 
tetrachloride. No change was detected in the relative intensities of the bands, Consequently there could have been no 
intermolecular hydrogen bonds between the molecules of compound (I) proper or between the compound and acetone. 


The question whether the indicated splitting results from intramolecular hydrogen bonding or is caused by Fermi 
resonance can be settled conclusively by examining the NH bond vibrations in the infrared spectrum. 
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We have investigated the kinetics of the oxidation of cyclohexene into cyclohexanone by palladium salts in 
aqueous solutions within the temperature range from 7.0°C to 30.3°C, In the absence of oxidizing agents this reaction 
proceeds according to the equation [1): 


CoHio + PdCl, + HzO = + Pd + 2HCI. (1) 


Investigation of this reaction under conditions in which metallic palladium is precipitated, and the concentrations of 
hydrogen and chloride ions undergo change, is accompanied by considerable difficulties. Hence the study of reaction 
(1) has been carried out by us in the presence of an oxidizing agent, p-benzoquinone [2], which rapidly oxidized the 
atoms of palladium formed according to the equation: 


Pd + + 2HCI = PdCly + 
+ (OH): (2) 


Thus the total reaction taking place in the solution can be represented as the oxidation of cyclohexene by p-benzo- 
quinone according to the equation®: 
CeHio + HO + = CgH + 
CoH, (OH). (3) 


Under the conditions under which the kinetics have been studied (olefin concentration = 1.8 - 1078 to 2.0 - 1075 
mole/liter; of quinone = 1.1 - 107? to 4.0 - 107? mole/liter; of palladium chloride = 0.13 - 10° to 2.14 - 1078 
mole/liter), reaction (1) takes place more slowly than reaction (2), as can be seen from the absence of any forma- 
tion of metallic palladium under the contrast pH of the solution in the course of the experiment. Thus the rate of 
the reaction (3) is determined by that of reaction (1). It has been shown by special experiments that, under these 
conditions, the quinone does not take part in any side reactions with the olefin , cyclohexanone, hydroquinone, or 
palladium chloride, Similarly, hydroquinone does not react with any of these components of the reaction system. 
All this shows that the change in the concentration of quinone and hydroquinone is due entirely to the occurrence 


of reactions (1) and (2), while the change in the quinone concentration with time will give unique indication of the 
rate of reaction [1]. 


As can be seen from equation (3), the quantity of olefin undergoing reaction is equal to the quantity of hydro- 
quinone formed. Thus it is possible to deduce the coarse of the reaction which determines the course of the concen- 
tration of quinone and hydroquinone, for example, by measuring the oxidation-reduction potential of the quinone- 
hydroquinone system. This method has been used in the present work. The potential measured depends upon the ac- 
tivities of the reduced and oxidized form, according to the Nernst equation. In sufficiently dilute solutions, as used 
in our experiments, the term activity may be replaced by the term concentration. For constant concentration of hy- 
drogen ions the change in potential is given by the equation: 


Cy. 
Cox (4) 


in 


** Special experiments have shown that the yield of cyclohexanone under conditions in which we have studied the 
kinetics amounts to 93-98%, reckoned on the olefin . 
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TABLE 1. 


Time, 


SEC 


0 
10 
20 
30 
40 
50 


TABLE 2. 


CHC1O | liter’ liter?. sec~? 


mole mole~! -mole7! 


min 10 1,61 
Fig. 1. Change in the potential of the quinone - 
hydroquinone system in the course of kinetic ils jobs 
experiments. 1) Concentration of palladium chlo- 
ride = 0.41: 10-8 mole/liter; 2) concentration of 
palladium chloride = 0.68 - 10-8; 3) concentration For the purpose of measurement, samples of the re- 
palladium chloride = 2,14 - 10-3, acting solution were extracted, and diluted 25 times by 
1 N sodium chloride solution containing 0.01 mole/liter 
of hydrochloric acid. The potential was measured by means 
of a platinum plate electrode of area 25 cm?, The compari- 
son electrode was a saturated calomel electrode. The meas- 
SS urement was carried out by a compensation method using 
a potentiometer R-307, and a mirror galvanometer GZS-47. 
The accuracy of measurement amounted to + 3- 10-5y 


It was shown by preliminary experiments that the 
potential of the quinone-hydroquinone system is practically 
independent of the concentration of palladium chloride 
or of olefin . The value of the potential at constant acid- 
ity is in complete agreement with values calculated from 
equation (4), within limits for the concentration ratio of 
quinone to hydroquinone or from 1 to 10‘. Since the change 
in potential with time is determined uniquely by the course 

of the oxidation-reduction reaction (3), then the change 
a ee, a in this potential is a measure of the change in the concen- 

Fig. 2. Change in the logarithm of the olefin tration of the olefin with time. 

concentration with time. Concentrations of 

palladium chloride: 1) 0.13 - 10-° mole Niter; An example of the seduction in potential in the 

2) 0.22 + 1073, 3) 0.39 « 1073, 4) 0.47 « 1073, course of a kinetic experiment is given in Fig. 1, The 

4) 2.14-1 os. various curves denote different concentrations of pallad- 

ium chloride. The change in olefin concentration with 

time is shown in Table 1. As can be seen from this table, the rate of oxidation of the olefine corresponds to a first 
order reaction with reference to the olefin concentration. The first order with respect to olefine was followed in 
the kinetic experiments right up to 95-98 % conversion. The rate constant k, observed did not change with change in 
the initial olefin concentration, within limits 1.8 - 1078 to 2 - 107° mole/liter. The value of k, does not depend, 
either on the initial concentration of the quinone or of the cyclohexanone produced. The value of k, varies in propor- 
tion to the concentration of the palladium chloride within the limits 1.3 - 10~* to 2.14 - 107* mole /liter (Figs. 2 
and 3). Thus the rate of the oxidation of cyclohexene by palladium salts corresponds to a second order equation: first 
order with respect to both olefine and palladium chloride. 


mv 
Conc, of 
| 104 
385 - 
! 
380 
a 
lo 
! 
a 
a 
| 
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All the kinetic experiments were carried out in aqueous solu- 
tions of perchloric acid* . With the object of investigating the influence 
od ° of hydrogen ions on the oxidation rate, a series of experiments was 

set up in which the perchloric acid concentration was changed from 
0.005 to 0.5 mole/liter. The results of these experiments are given 

in Table 2. 


= In the presence of the neutral salt sodium perchlorate (from 
Ik a 0,01 to 1,0 mole/liter) at constant perchloric acid concentration (0.1 
mole /liter) the value of the second order constants kp remains constant. 
Thus the rate of the reaction does not depend either on the concen- 

10 it 8 soa Tiiter tration of hydrogen ions or on the ionic strength of the solution. 
Fig. 3. Relationship between the first order 
rate constant k, and concentration of pallad- 
ium chloride. 
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The proportionality between the rate of oxidation and the con- 
centrations of palladium salt and olefin represent the first kinetic 
confirmation of the assumption made earlier [1-3] that the reaction 
proceeds through the formation of a 7 -complex. The results we have 
obtained, however, are not sufficient to permit us to draw conclusions 
about the detailed mechanism of this reaction. The second order ef- 
fect, and the absence of salt effect (that of the hydrogen ion in parti- 
cular), may be harmonized either with the assumption that the limi- 
ting stage is the formation of the m -complex, or with a scheme ac- 
ne cording to which the complex is an equilibrium stage (on the assump- 
| tion that Keg « 10°) while the decomposition of the ™-complex is 
a4 the limiting state of the reaction, We notice, however, that the value 
15 a of AH # = 13 kcal/mole, and As# = 3.7 entropy units, calculated 
from data on the temperature dependence of kg in the range 7.0 to 
30.3°C, These values are close to those usually observed for exchange 
10} reactions in complexes of bivalent platinum. 


Another important question concerning the mechanism of the 
25 ! rl i i reaction, is that of the existence of an active form of the palladium 
5 (cv"] tna a 20 salt, In palladium chloride solutions, free from other substances cap- 
wen: 4: nutbiiaiiinda tien — able of ionizing with the formation of chloride ions, we may propose 
the existence of the PdCl, molecule, of hydrated Pd?* ions, PdCl*, 
of the first order constant k, and the ratio - ; 
and also of PdCl”. It is not possible to calculate exactly the con- 
Cc -/Cpall at constant concentration of f these f Th for th bl 1 
pail (0.00458 mole/liter ) of these forms. : e the unstable complex 
PdCl, at 25° [4] is 5 - mole” liter™”. With respect to the 
constants for the unstable particles PdCl + (Ky), PdCl, (Ky), and 2” we may only state that 
K, “ Ky < Ky < Kpy- As we can see from Fig. 4, the first order rate constant, for a constant concentration of pall 
of 0.00458 mole/liter diminishes rapidly with increase in the concentration of chloride ions (introduced as sodium 
chloride), The shape of this curve may be explained by change in the ratios between the ions of bivalent palladium 
with increase in concentration of chloride ions. Further consideration of this question requires additional kinetic and 
thermodynamic investigations, to which separate communications will be devoted. 
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THE PRODUCTION OF SPECIFIC ADSORPTIVE PROPERTIES 
ON THE SURFACE OF SILICA GELS 


Z. Z. Vysotskii, L. G. Divnich and M. V. Polyakov 


L. V. Pisarzhevskii Physical Chemistry Institute, Academy of Sciences, 
Ukrainian SSR 

(Presented by Academician A. A. Balandin, March 2, 1961 

Translated from Doklady Akademii Nauk SSSR, Vol. 139, No. 6, 

pp. 1400-1402, August, 1961 

Original article submitted February 27, 1961 


Analysis of work on the preparation of specific adsorbents [3-10] suggests that an extremely promising method 
for the preparation of silica gels with a high selectivity of adsorption towards previously determined substances is that 
based on preparation [3] with the aid of dissolved forming agents. In [1] it was pointed out that the theory [2, 3] regard- 
ing the formation of “imprints” of the molecules of the forming agent on the silica gel surface, responsible for the 
specific nature of the adsorption, is of considerable importance for adsorption theory, but the question of the presence 
or absence of “imprints” of this type has not yet been revealed. 


The present work was devoted to a study of the mechanism of the production of specific adsorptive properties 
by means of dissolved forming agents — diazo dyes — and in particular to a study of the part played by the so-called 
nonextractable dye — forming agent on the production of specific properties in silica gels. 


We prepared 3 series of specific silica gels: in series I* a solution of sodium silicate was poured into a solution 
of sulfuric acid to which had previously been added the dye — forming agent — methyl orange (MO), ethyl orange (EO), 
propyl orange (PO) or methyl red (MR), and in all other respects the procedure was the same as that described in [3); 
in series II the only forming agent was MO; in one specimen the MO was introduced into the original acid solution, 
in the second into the sol 4 hours after its preparation, in the third into the hydrogel after syneresis (by immersion of 
the hydrogel in an acidified saturated aqueous MO solution), and in the fourth into a hydrogel washed free from salts 
and dried in air; in all cases the dye was extracted from the dry silica gel by means of methanol in a Soxhlet ap- 
paratus; in series III, in contrast to the previous series, the dye (MO) in all specimens was introduced into the original 
acid solution and the difference between the specimens was that in the first the extraction of the MO with methanol 
(by decantation) was carried out immediately after syneresis of the hydrogel while in the other cases this was done at 
different (from 10 to 90%) stages in the drying of the specimens; the residue of the salts was washed out with distilled 


water, after which the gels were dried and ground in a mortar and the 0.25-0.5 and 0.5-1.0 mm fractions were separa - 
ted by sieving and used in the adsorption experiments. 


In all cases, in parallel with the preparation of the specific gels, control specimens of silica gel without dyes 
were prepared under the same conditions and with analogous subsequent treatment. 


For the gels of series I (Fig. 1), under conditions analogous to those described in [3, 6,9], we recorded the iso- 
therms for the adsorption of all four dyes on an SF-5 spectrophotometer, and, in accordance with the data of [3-9], 
found that the adsorption of the dyes in the control gels was smaller by a factor of 2-4 than that on the corresponding 
specific specimens. Figure 1 shows that the gel prepared in the presence of MO (a, Curve 1) MO selectively, the 
specimen prepared in the presence of EO (b, Curve 1) adsorbs EO selectively, etc. — in all cases without exception, 
specific adsorption of the forming agent is observed. It is interesting to note that MO is in general adsorbed more ef- 
fectively than EO and PO on the MR gel (d, Curve 1); this is apparently due to the fact that considerable portions of 
the Mo and MR molecules coincide and during the forming process they give structurally-similar “imprints” on the 
silica gel surface, whereas in the case of BO (PO) and MR the structure of the molecules differ considerably. 


*V. F. Gamaleya took part in the experiments on the preparation and study of the properties of silica gels of series I. 
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_* For silica gels of series II and III we recorded the 


a b MO adsorption isotherms and the isotherms for the adsorp- 
tion of methanol vapor in a vacuum apparatus with a 
60 McBain balance at 20°, and determined the quantities 
6Ci- J yy} J of dye not extractable by methanol under conditions 
2 analogous to those described in [6]. 
20 20+ 
ee ee ore Figure 2,a gives typical isotherms for the adsorp- 
B lei d tion of MO on control and specific gels, and shows that 
B30 Ay} the adsorption of MO by the specific specimens is selec- 
9 J tive. Figure 2,b gives isotherms for the specific adsorp- 
=" g sd tion (curves for the excess adsorption of MO on the specific 
40 : 80 gels compared with the corresponding control gels) for 
gels of series II; here it can be seen that the concentra- 
20 W@ tion of nonextractable dye in these specimens (Fig. 2 b) 
changes symbathically (in the same sense) with extent 
Concentration of the selective adsorption of MO, which agrees with the 


results of [9]. The conclusions reached by these authors, 
that this fact provides conclusive proof for the associative 
mechanism of specific adsorption of MO molecules on 
the similar nonextractable MO molecules in the silica 
gel skeleton, are incorrect, however, as will be seen from 


Fig. 1. Isotherms for the adsorption of dyes on specific 
silica gels. a) On the MO gel: 1) MO; 2) BO; 3) PO; b) 
on the EO gel: 1) MO; 2) EO; c) on the PO gel: 1) MO; 
2) BO; 3) PO; d) on the MR gel: 1) MO; 2) EO; 3) PO; 


4) MR. the following. 
In series II we extracted the MO, as in [9], from 
m/kg 0% the completely dried gels, as a result of which we and 
J00 ? the authors cited expected a correspondence between the 


concentration of nonextractable MO molecules inside the 
particles of the gel skeleton and the concentration of the 
MO molecules on their surface, extractable by methanol 
and leaving the corresponding “imprints”, which deter- 
mine the magnitude of the specific adsorption. In series 
Ill, by extracting the MO at different stages of the forma- 


200}- 


100 


§ d tion of the gel, we prepared specific specimens (an 
o uO ; example is given in Fig. 2 c) in which there is no corres- 
g = pondence between the quartz of nonextractable and speci- 
fically adsorbable MO (Fig. 2d). The values of the spe- 
2 / ‘ cific surface of the silica gel, calculated from the iso- 
wy f- ia therms for the sorption of methanol vapor, were found to 
be practically identical (790-810 m?*/g), i.e.,when recal- 
culated for unit surface the relative order of the specific 
Concentration adsorption isotherms remains unchanged. It is interesting 


to note that the authors of [5], who began the extraction 
Fig. 2. Isotherms for the adsorption of MO on silica gels: — of the dye with methanol at 50% moisture content of the 


a) On specific (1) and control (2) gels of series II; b) hydrogel, obtained colorless gels in the case of MO and 
specific adsorption on gels of series II. Quantity of non- EO, and slightly pink gels in the case of PO and butyl 
: extractable dye (mole/kg - 10°): 1) 13.5; 2) 37.5; 3) orange. 


0.8; 4) 1.5; ific (1 f 7 
specific (1) and control (3) gels Thus the conclusion reached by the authors of [9] 
series III. Quantity of non-extractable dye (mole/kg ° 

regarding the associative mechanism of the specific ad- 
105): 1) 0; 2) 3.5; 3) 0.3; 4) 0.5; 5) 0.9. 

sorption is premature. Our results and the data given in 
[5] indicate that the theory put forward by one of us [2] regarding the “imprints” left by the molecules of the form- 
ing agent on the silica gel, responsible for the specific adsorption, is more justified at the present time. 


In this connection the state of the molecules of the nonextractable dye in the gel is of particular interest. In 
[3] it was found that the nonextracted MO, when compared with dissolved MO or MO adsorbed on silica gel in the 
usual way, exhibits a higher stability towards the action of powerful ultraviolet radiation or strong oxidizing agents. 
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Direct spectral study of the state of the dye in the silica gel has until now been 
complicated by the fact that the silica gel is normally obtained in the form of 
granules or spherical particles. By a special method, we have prepared control 
\ silica gels and silica gels specific to MO, in the form of transparent discs with a 

Vv thickness up to 5 mm, and have recorded the absorption spectrum of MO in three 

\ states: in an aqueous phosphate buffer solution (pH 4.64); in the adsorbed state in 

\ a control plate of silica gel immersed in the same solution; and in the form of non- 
\ extracted MO in a plate of specific gel, which was also soaked in the same buffer 

| solution for a week (Fig. 3). 


log 1,/I—> 


Figure 3 shows that the state of the MO molecules is different in all three 
ij t | cases; if we take account of the experimental facts from [3], cited above, it may 
DES Res eth be concluded that the molecules of the nonextracted MO are probably present in- 

— side the elementary particles making up the silica gel skeleton and hence cannot 
Fig. 3. The adsorption spectra be responsible for the specific adsorptive properties of the silica gels. 
of MO in solution (1), in the 


adsorbed state on silica gel (2) 
and when trapped in a silica 


The authors wish to thank S. P. Polovnev and S. S. Butsko for assistance with 
the spectrophotometric measurements. 
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The action of tanning compounds (organic and mineral) on albumins (collagen fibers for example) is, as is 
known, a form of denaturation of the albumins. The mechanism of this process which in a number of cases is inter- 
preted as the formation of a three-dimensional structure with generation of bridging bonds has yet to be clarified. 


40° 25° 


Q 200 400600 


Fig. 1. 1) Rheological curves for a solution Fig. 2. 1) Rheological curves for a solution 
of ordinary gelatine at 25 and 40°, and, for of gelatine with formalin (pH 9) at 25 and 
comparison; 2) outflow curves for water. 40° and, for comparison; 2) curves for pure 


solutions of gelatine from fig. 1. 


In this work the effect of typical tanning agents on the structural characteristics of gelatine solutions was in- 
vestigated by measuring the effective viscosity for different small changes in the pressure from 0.25 to 2 cm (water 
column) in a horizontal capillary viscometer, of tube radius r = 0.5 mm, and length 7 = 100 mm. The pressure was 
accurately regulated by means of a manostat with a micromanometer. The temperature of the viscometer was held 
constant by means of an ultrathermostat within + 0.1°. Measurements of viscosity at 25° were carried out with the 
aim of elucidating the effect of the tanning process on the internal structural viscosity of gelatine. At a higher temp- 
erature (40°) the tanning process proceeds with appreciably less initial structure formation. 


sec”! 
$0 1 
2 
70 70 
| 
{ 
> 1 
40}- 25° 
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A 3% aqueous solution of gelatine was studied, being a 6% solution of photogelatine at 40° diluted to half 


strength with water or a solution of the tanning agent, also previously heated to 40°. For the measurements at 25° the 
solutions were cooled slowly. 


The shear stress on the walls of the capillary was calculated from the fall in pressure at its ends Ap as Ps = Ap.r/ 
/2l 


ane 
Solution | | Ne tin — 100 
Gelatine 4,7 | 3,1 153 2,6 | 1,5 110 
+ tannin 704 2,9 1,4 159 
+ chromium sulfate 
0% basicity 7,7 | 4,5 320 4,6 | 1,7 285 
+ chromium sulfate 
30% basicity 11,6} 4,1 754 46 285 
+ formalin 13,5 | 6,2 730 437 


The average linear outflow velocity v = QA t* where the volumetric outflow of liquid Q = v/t cmsec-!. Q 

can be calculated from Poiseuille's formula 7 = mr‘Ap.t/8vl from which v/T = r*Ap/8l n; then the effective velo- 
city gradient v/r = Q/rr® = wr*Ap/8 Inmr® or v/t = Ap.r/81n = P,/4n where P, is the shear stress on the internal sur- 
face of the capillary, n = P,/(4v/r) is the effective viscosity of the solution. 


From the experimental results of the rheological curves (Figs. 1 and 2) values were calculated for Ny, the 
minimum effective viscosity of the fully broken-down structure at high enough velocity gradients for which the value 
of n did not change over a wide range of further increase in v/r, and for 9 the nominal maximum limiting viscosity 
of the practically non-broken-down structure. The values of Ny were known to be underestimatedsince measurements 
in the region of very small P, values cannot be successfully carried out by the outflow method. 


The results obtained in the table show that the action of tanning agents always caused development of a three- 
dimensional structure i.e.,an increase in the maximum limiting viscosity 19 especially at 25°, i.e. under conditions 
in which the gelatine solution already had structure. 


This become particularly clear by comparison of the 19 - Ny, values with the N9- 1, for gelatine solution 
alone, allowing the degree of structure formation caused by the tanning agent to be estimated. 


However, it is characteristic that the value of the minimum viscosity 1,, of the fully broken-down structure 
under the action of the tanning agent is increased only slightly by chrome tanning, by tanning with tannin it is even 
decreased, and only by tanning with formalin is it increased twofold and moreover equally at 25 and 40°. 


From this it can be concluded that addition of formalin promotes globulization and besides an increase in the 


structure viscosity 19, causes an increase of the structureless viscosity 1, owing to the effect of the volume increase 
through globulization. 


On the other hand it is clear that denaturation, i.e. some hydrophobization of the hydrophilic polymer (by tann- 
ing with tannin) even causes, after break-down of the structure under the conditions for minimum structureless viscosity 
Nm, some reduction in the viscosity compared with a pure solution of gelatine without a tanning agent. 
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The thermodynamic properties of compounds of the rare earth elements have as yet been little studied. This is 
also true of cerium, 


The aim of our work was to obtain thermodynamic data which, together with data already available in the 
literature, would make it possible to give a fairly complete thermodynamic characterization of the cerium — oxygen 
system. The literature contains the following data on the thermodynamic properties of cerium oxides and metallic 
cerium. Parkinson, Simon and Spedding [1] have measured the low-temperature heat capacity of metallic cerium and 
obtained a value for its standard entropy (Sgog = 16.64 eu). Spedding, McKlown and Daane [2] measured the heat capa- 
city of metallic cerium at high temperatures [2]. Westrum and Beall* have measured the heat capacity of CeO, at 
low temperatures and have given the value Sjog = 14.89 eu. Huber and Holley [3], by igniting metallic cerium in a 
bomb calorimeter, found for the reaction Ce + Og  CeOg the value AHgog = 260.18 kcal. 


Previously, by the method of mixing in a large-scale calorimeter, we measured the high-temperature heat 
capacity of CeOg [4] and Ce,O3 [5] and by means of a bomb calorimeter obtained for the reaction CegOg + 40, > 
2CeOyg the value AHgog = -85.43 kcal [6]. 


In this work we studied the thermodynamic properties of cerium oxides in the composition range CeO,-CeO,,5. 
For this purpose we used the emf method with the solid electrolyte recently proposed by Kiukkola and Wagner [7] 
and also measured the constants for the equilibrium of cerium oxides with hydrogen. In [8] a new, more convenient 
apparatus for work by Kiukkola and Wagner's method was described and we used this apparatus in the present work 
to measure the emf of a cell of the type: 


CeO, | Solid Fe + wustite (1) 
(2> x > 1,5)| electrolyte 


The electrolyte used consisted of mixed crystals of the ThO, — LayOg system, exhibiting purely ionic conduc- 
tivity. The electrolyte was checked for the absence of electronic conductivity and the Fe + wustite electrodes were 
prepared as described in [7]. 


The CeOx electrodes were compressed at a pressure of 10 tons/cm” from a mixture of the appropriate quantities 
of CeO, and Ce,O3, Preliminary annealing of the tablets was not required, since the 5-7 hours necessary to heat the 
cell to the required temperature proved sufficient for the formation of the oxide CeOx from the mixture. The oxygen 
content of the specimen was determined after the measurement of the emf, by the “active oxygen” method [9]. 


In view of the extremely pyrophoric nature of CeOx, all operations involving this material during the removal 
of the tablet from the apparatus and its transfer to the flask for determination of the oxygen content were carried out 
in an atmosphere of argon. 


The values of the equilibrium emf values for cell (1) correspond to the free energy change (AG] = 2FE)** of 
_the current- producing reaction: 
* E, F. Westrum and A. F. Beall, private communication to be published in J. Chem. Phys., 1961. 
** The upper line denotes differential thermodynamic quantities related to an oxide of given composition CeOx. 
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Combination of AG} with 


CeO, Fey 947 


A 
for the formation of wustite from its elements 


CeO, 5 + 0,947 Fe. 


0,947 Fe + 5-Oy Fe, 9470 


for which, according to the data of Darken and Garry [10] and Peters and Mobius [11], 


= — 63570 +- 16,06 T (1073 — 1270” K), 


makes it possible to calculate the differential (AG) for the reaction 


1 


TABLE 1. 


1 1 
CeO, 


5 CeO, 45. 


(I) 


(II) 


: 


(III) 


Composition |Tempera- ‘Composition |Tempera- 
of CeO E,v of CeOx 
ture, °K specimen _| ture, °K 


CeO} 581 


CeO} 552 


CeO} 597 


CeO; 663 


0,4166 
0,3012 
0,3744 


CeO, 702 


CeO1 746 
CeO; 72 
CeO, 


390 


CeO, 96 


106 0,3599 
{1 0,3448 
1263 3237 


1220 03238 
1282 0/3181 


Table 1 gives the results of the measurements of the emf of the cell (1) at different temperatures. For each of 


the compositions CeOx studied, throughout the whole temperature range in which measurements were made, E changes 
linearly with temperature according to the equation E = a + bT. 


0,0512 
—0,0186 


TABLE 2. 

& 

S| a | | -a| B | a | | -al B 
1,581 | 0.6160 | 1,929 | 91 980 | 24,96 | 40200 | 40,91 |It,746 

06360 | | 92900 | 25:73 | 40600 | 11:24 0 

11597 | 0.6200 | 1,960 | 92170 | 25:10 | 40280 | 40°97 {111870 

1'663| 6.5842 | 1,810 | 90516 | 24:40 | 39560 | 10766 
1,700} 0.5406 | 1,799 | 88 920 | 24,35 | 8880 | 10,64 [1960 


the cerium oxide of a given composition CeOx with temperature. 


Table 2 gives values of the coefficients a; and b, for this equation tor CeOx specimens for which x lies between 
1.581 and 1.96. The Table also gives values of the coefficients a; and b, in the equation Gin = a, + b,T for reac- 
tion (III) and the coefficients A and B in the equation log PO, (atm) = A/T + B relating the dissociation pressure of 


2 
i 
1038 
1273 
1052 0,414 967.5 0,3640 
1145 0/3951 1066 0,346 
1267 0.3722 
972 0,4304 
1076 074090 
1120 0/4006 1038 0,2747 
1226 0;3781 1133 0;2394 
1254 0,3745 1165 0,2275 
1047 0,3954 1057 0,1526 
1058 0,3929 1086 0,1448 
1139 0.3782 1134 0,1200 
1228 073620 1233 0,0940 
0,3674 
CeO4 700 1089 1208 00502 
1282 0°3200 1089 0 ,0820 ee 
1253 
a 
= 
643 


The equilibrium constant Ke = PH,O/PH, for the reduction of 
cerium oxides CeOx by hydrogen 


1 


were measured by a circulation method on the apparatus described in 
(12). 


Because of the pyrophoric nature of the intermediate cerium 
oxides, either CeO, or CegO3 were taken for measurement of the equili- 
brium constants; the composition of the equilibrium oxide was deter- 
mined by subsequent oxidation to CeO. All the operations were carried 
out in a chamber of purified nitrogen. 


Combination of the values found for AGty = -RT In Ke with 


27 x00 800°C AG\, for the formation of water vapor 
18 {7 16 is 
Composition6e0, H; + + H,O 
Curves showing the relationship between (AGY, = — 59000 + 13,38 T  (')) 
the dissociation pressure of cerium oxides 
and composition, recorded by different also makes it possible to calculate AGhr- The results of the measure- 
methods, a) emf; b) equilibrium; c) ment of the equilibrium constants of reaction (IV) and the values of 
Brauer's data. AG it and log PO, calculated from these are given in Table 3. 


TABLE 3. TABLE 4. 


[st | A Gy. cal 
6524 2 K tegrationequation 
1,837 | 1168 0.0152 9710 |—53 100] —19,9 298 ,2 77 800 25,6 
1,252 | 4167 0.0280 R290 |—51 680] —19,4 3,2 61 690 60 940 25,0 
1,875 | 1166 0,0311 8040 |—5t 430] —19,3 1073,2 59 150 58 400 25,2 
1,87 1168 0,0633 6410 |—49 800] —18,6 1173,2 55 990 55 900 25,3 
1,829 | 1251 00968 5820 |—48 000} —16,7 1273,2 52 670 53.400 25,5 
1,884 | 1255 0,144 4880 | 47 090} —16,4 
1,921 | 1255 0,625 1170 |—43 4001 —15,4 


As our work was being completed, Brauer [14] published data on the dissociation pressure of cerium oxides, 
obtained by a dynamic method. A comparison of Brauer's data with our results is given in the figure. The figure shows 
that the appearance of the isotherms characterizing the relationship between the dissociation pressure of the oxides 

and the composition, throughout the whole range of temperatures studied, is the same for Brauer's results and our 

data. Thus our data confirm the phase relationships established by Brauer for this system. The discrepancy between 

the values of log PO, from our data and Brauer's data does not exceed 1.5-2%, In view of the difference in the methods 
used, this agreement may be taken as satisfactory. 


The thermodynamic quantities characterizing the reaction 


+ Og wn 2CeOg, (VI) 


were found graphically by integrating the isotherms AGin versus composition CeOx in the range 1.5 =x = 2 for 
temperatures of 973, 1073, 1173 and 1273°K. The values of AGYy obtained are given in Table 4. From these data 
and the value (AHg9)y; = -85.43 kcal [6], with allowance for the temperature dependence of the heat capacity of 
CeO, [4,5], we obtained the equation for AGYy in the temperature range 298-1273°K. 


47. 
AG®,, — 85 500 — 4,007iogr +. 1,495 10-3 435.87. 


+> b 
19 
3 
20h 
a: 
oo 27) x 
23 900% 
2% 4 
| \ 
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TABLE 5. 


Oxide AGrog st Cp 
cal/mole |k cal/mole 208 Pe 
0 a 
Ces AG = — 434189-+0,88 TlogT—3.83-10-* T?40,40-10 -*x 
1,41-108 
T? — +14, 0.2 T cal/mole 


282-108 
cal/mole 


Cp.of oxide- T cal- deg” *mole™! 
(208—1003° K ) 


CeO, —245,4 —260,2 14,9 acy = —259845—1,54 Tlog T—1,16-10-* T*40,20.10-*x 
+54,9 T cal/mole 


A HY == — 259 845—0,68 T-+1,16-10-3 T?—0,39-10-* « 


rit cal/mole 


Cp.of oxide=14,59+4,89-10-* T cal’ de mole! 
(298—1003°K) 8 


Table 4 gives the values of AG and ASYyy calculated from this equation. 


Having found (ASdo8)y 1 and taking from [1] for cerium Stes = 16.64 eu and for CeO, Sees = 14.89 eu [2], we 
find that (S208)Ces0 = = 30.8 eu. 


From this value and the other data given earlier in this paper, it is not difficult to calculate all the thermo- 
dynamic quantities characterizing the reaction 


2Ce +- Og Ce2Os. (VID) 


The data obtained in the present work and data previously published in the literature for the thermodynamic properties 
of CeO, and Ce,Q3 are collected in Table 5. 
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In this paper we are going to look into the possibility of using paramagnetic resonance (p.m.r.) techniques for 
the purpose of detecting free radicals and determining their steady state concentration during the oxidation of hydro- 
carbons. We were interested in finding out whether free radicals could be detected under normal conditions in the 
course of the reaction. Solution of this problem would be of some value in chemical kinetics, since by determining 
the steady state concentration of free radicals one can calculate directly the rate constants for the elementary reac- 
tions constituting the overall process. 


It should be pointed out that it is quite difficult to detect free radicals under steady state conditions mainly due 
to their low concentrations, This is at least one of the reasons why excited free radicals formed during the liquid 
phase oxidation of hydrocarbons have so far escaped detection. 


Two types of active species, hydrocarbon radicals R and peroxyl radicals RO2, are involved in chain reactions 
such as hydrocarbon oxidation. At sufficiently high oxygen pressures (in most cases it means above 100-200 mm Hg) 
the concentration of peroxyl radicals will greatly exceed that of hydrocarbon radicals [1-3] and the oxidation reac- 
tion will involve the following steps: 1) chain initiation, formation of RO, radicals at the rate wj; 2) chain propaga - 

O2 
tion RH + RO,  * ROOH + ROg; 3) chain termination RO, + RO, + inert products, (RH denotes a hydrocarbon and 
2 


ROOH a hydroperoxide). The concentration of peroxyl radicals will depend on the rates of chain initiation and termina - 
tion, 


d (RO,) 
dt 


wi— ke (RO,)*. 


Under steady state conditions 


W; 
Oand (RO,) = Ke (1) 


_d(ROs) 
dt 


Thus if the initiation rate is fixed the smaller the recombination rate of peroxyl radicals the higher will their 
steady state concentration be. 


In quite a number of cases the recombination rate is known. The known rate constants are given in the table 
where we have also listed the steady state concentrations of peroxyl radicals at a certain average initiation rate used 
in our experiments. We have also tabulated the activation energies E, for the recombination of peroxyl radicals. 


Since Eg is very small the steady state concentration of peroxyl radicals will vary little with temperature at the given 
initiation rate. 


The table shows that all the investigated olefins yield about the same recombination rate constants. If constants 
differ by a factor of three the corresponding steady state concentrations will only differ by a factor of 1.7. In the case 


of aromatic hydrocarbons, such as tetraline and ethylbenzene, in which the peroxyl group is attached to a secondary 


carbon atom the rate constant is greater by 1-2 orders of magnitude. Of the investigated compounds cumyl peroxyl 
radicals have the smallest recombination rate constant. 


The normal sensitivity of modern p.m.r. spectrometers is about 10% molecules of diphenylpicrylhydrazyl with 
the absorption band-width for the compound being 1.5-2 oersted. The effective absorption band-width for peroxyl 
radicals in solution is approximately the same (15-30 oersted) then to be detectable the radicals must have a con- 
centration of least 1: 10° -5 - 10" radicals/em®. Hence one would expect to detect peroxyl radicals in the oxida- 
tion of various olefins and cumene. For our current investigation we have selected cumene, since its oxidation was 
expected to yield the highest concentration of radicals. 


The experiments were carried out with the help of a model IKhF-2 p.m.r. spectrometer with high frequency 
field modulation [9]. The instrument recorded the first derivative of the p.m.r. signal from the peroxide radicals to- 
gether with the signal from a reference sample (carbon). The tube containing the hydrocarbon being oxidized was raised 
to the desired temperature right in the resonance cavity by a stream of hot air. The temperature was determined by 
means of a thermocouple submerged in the hydrocarbon inside the tube. The temperature was recorded alongside the 
spectrum. During the experiment a steady stream of oxygen was bubbled through the hydrocarbon. 


| 


a 
¥ sos 8] 
Compound a [OS Ss | 
Cyclohexene 15 0,95 6,2-10% <2 | 
Methylcyclohexene 15 0,5 85-10% <2 
Octene-1 25 0,3 1,1-1018 <2 id. 
Dihydromyrcene 15 0,65 7,5- 1015 
Ethyllinoleate 15 0,5 8,5-108 | <2 | (4) 
Digeranyl 25 0,3 1,1.1016 — (5) 
Tetralin 15 20 1,35-10%5 (*) 
Ethylbenzene 70—90 22 1,3-10% ©) 
Cumene 50 0,028 3,6- 1016 <i | 
n-Decanal 15 7,9 <i} 
Benzaldehyde 15 200 4,3-10"4 ~i | 


Various initiating agents were used in the oxidation: azobisisobutyronitrile, dicyclohexylpercarbonate, cobalt 
stearate and acetate. One can see in Fig. 1 that the use of different initiators yields the same spectra. The observed 
p.m.r. spectrum consists of a broad, almost symmetrical, singlet (AH ~ 18 + 2 oersted) with a g-factor of 2.015 + 
0.001. In the shift of its g-factor and the effective band-width the observed spectrum resembles the p.m.r, spectra of 
peroxyl radicals in the solid phase [8]. Of course, the signal shape in the solid and liquid phases is different since in 
the liquid phase the anisotropy in the g-factor averages out due to the thermal motion of the radicals. In control 
experiments where isopropyl benzene was converted to ethylbenzene none of the initiators mentioned above would 
yield a p.m.r. spectrum, In addition to this, after oxygen was turned off and nitrogen was blown through the tube for 


a brief period of time the p.m.r. signal disappeared. When the stream of oxygen was turned on again the p.m.r. spec- 
trum reappeared within 10-15 sec. 


The largest number of experiments were done with azobisisobutyronitrile since in this case the initiation rate is 
well known ~ it is derived from the decomposition rate [10]. From known w; and kg values we calculated the steady 
state concentrations of cymyl peroxyl radicals at various initiation rates. The steady state concentrations of these 
radicals were determined at temperatures between 70 and 90°C and over a range ofazobisisobutyronitrile concentra - 
tions from 0.05-0.55 mole/liter. At high initiation rates the oxygen is absorbed at a very fast rate. Hence in order to 
get a p.m.r. spectrum of the peroxide radicals we must provide for a rapid delivery of oxygen to the hydrocarbon, As 
the rate at which oxygen dissolves increases ,the intensity of the p.m.r. signal increases to a certain limiting values. 


The highest experimentally detected concentrations of peroxyl radicals (ROg)exp, at various initiation rates are 
compared with the corresponding calculated values (RO,)calc,. The absolute concentrations (ROg)exp, are in the range 
2-10" -4 - 10% radicals/cm®. The dotted line in Fig. 2 marks the ratio of (RO2)calc, /(ROg)exp, = 1. One can see that 
the circles lie close to the dotted line. This indicates that the measured steady state concentration of RO, radicals is 
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100 oersted 


Fig. 1. The p.m.r. spectra of cumyl peroxyl radicals: a) in a reaction 
catalyzed by cobalt stearate (6.4 - 1078 moles/liter), t = 105°C; b) 
same but recorded together with the reference (carbon) spectrum. When 
the signals have equal amplitude the number of peroxyl radicals in the 
sample is 1.8 - 10"; c) in a reaction catalyzed by azobisisobutyronitrile 
(0.22 mole/liter), t = 88°C; d) in a reaction catalyzed by dicyclohexyl- 
percarbonate (0.126 mole/liter), t = 77°C. 


close to the calculated. The direct measurement of radical concen- 
trations yielded a kg value which was practically identical with 


(RO2)catc,/ (ROZexp, the one previously obtained by the method of intermittent light [1]. 
iA a In experiments where the oxidation was initiated by dicyclo- 
112 — hexylpercarbonate radical concentrations of 4 10% -2- 10® radi- 


cals/cm* were observed. The rate constant for the decomposition 

20 le of into radicals in not known. If we 
w,105—~ assume that the decomposition rate is equal to the rate at which 

the compound breaks up into radicals [11] and use the value to 

Fig. 2. A comparison of the calculated peroxyl _ calculate the initiation rate we find that the experimental RO, 
radical concentrations with experimental. radical concentration is only about 1/4 to 1}, as large as the cal- 
culated. 


In experiments where cobalt stearate and acetate were used the initiation rate was not known. We were there- 
fore unable to compare the calculated and experimental concentrations of free radicals. 


In concluding we would like to emphasize the fact that the determination of steady state concentrations of 
free radicals in the course of a reaction opens up new possibilities in the investigation of oxidation reactions, One 


would expect that future work along these lines will also promote the kinetic study of other types of chemical reac- 
tions. 
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Spectroscopic investigations of the absorption of polycrystalline films of cadmium sulfide [1] showed that at 
room temperature one or two absorption maxima are observed in the 5000 A region in the spectrum of thin films, de- 
pending on the conditions of their preparation. The presence of these maxima is due to absorption of cadmium ions 
in excess of the stoichiometric composition (CdS) and is associated with transfer of an electron from the normal 
level of the admixture %, to its excitation levels 5p, and ,. With a reduction in the investigation temperature from 
room temperature to the temperature of liquid nitrogen, the longwave absorption maximum, corresponding to transi- 
tion to the *P, level, undergoes doublet splitting, while the shortwave maximum, associated with transition to the 

*p, level, splits into a triplet. However, this splitting picture is not observed for all samples, but only for those which 
were deposited onto a material base preheated to not less than 450°C, 


To obtain new additional data on the nature of admixture absorption of CdS in this region of the spectrum, we 
investigated its reflection spectrum. In the literature there are no references to similar investigations on polycrystal- 
line films of cadmium sulfide. Our aim was therefore both to obtain information on the spectral distribution of the 
reflection of thin films of CdS and also to determine its relation to the conditions of preparation of the investigated 
material. The investigation of this problem is of independent interest because it was not known whether a correlation 
existed between the number of bands in its absorption and reflection spectra. The presence of such a correspondence 
would make it possible to determine the absorption spectra of cadmium sulfide powders by their reflection spectra. 


We investigated the reflection spectra at the temperature of liquid nitrogen on the same samples as those used 
for the investigation of optical absorption [2]. The films were prepared by sublimation of cadmium sulfide in vacuo, 
in an atmosphere of argon and in hydrogen sulfide onto bases preheated to 300, 350, 450, 500 and 550°C, and also 
onto bases which were at room temperature at the commencement of deposition. 


The experiments showed that irrespective of the medium in which deposition was carried out, at the tempera - 
ture of liquid nitrogen cadmium sulfide films obtained on cold bases do not have a fine reflection structure in the 
460-490 mu region. These data agree completely with the results of investigations of their absorption spectra. 


The presence of reflection extrema is observed only in the case of films deposited on bases preheated to 300° 
or more. In general, in the investigated region the reflection spectra of samples obtained at a base temperature of 
300° have only one minimum, the position of which is much the same for all films deposited in vacuo (A 4777 A). 

As may be seen from the figure which for comparison gives microphotograms of the reflection and absorption spectra of 
samples deposited in vacuo at a base temperature of 300°, the position of this minimum in the case of sample No, 232 
(Fig. 1A, d) coincides with the position of the adsorption maximum (Fig. 1 A, c). The absorption of No. 244 does not 
contain absorption bands (Fig. 1 A, a). However, one minimum is observed in its reflection spectrum (Fig. 1 A, b). 
Sample No. 234, which has a fine absorption structure (Fig. 1 A, a), retains this in its reflection (Fig. 1 A, f). 


In Fig. 1 B, b and d represent microphotograms of the reflection spectra of CdS films deposited in vacuo on 
bases preheated to 450°. As may be seen from the figure, the number of minima in such preparations is not the 
same. They are shallow and their position varies from one sample to another. It should be noted that the number of 
absorption maxima in the absorption spectra of these samples (Fig. 1 B, a, c) is the same. Therefore there is no rela- 
tionship between the absorption spectrum and the longwave reflection minimum. Moreover, as may be noted from 
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4585 4630 4575 4722 4772 45854630 4675 4722 4772 4824 4878 4991A 4565 4630 4675 We 4122 4826 4878 
Microphotograms of reflection and absorption spectra of CdS films deposited in vacuo 
at a base temperature of 300° (A), 450° (B) and in hydrogen sulfide at a base tempera - 
ture of 350° (C). 


Fig. 1 B, for sample No. 260 the positions of the absorption maxima coincide with the positions of the reflection 
minima, whereas in the case of sample No. 262 the absorption and reflection maxima coincide. 


With an increase in the preheating temperature of the base to 500° the reflection minima become deeper and, 
in general, narrower (Fig. 1 B, e). The shortwave minima become more distinct. The samples are divided into three 
types with respect to the position of the first two longwave minima; for the first of these the positions of the minima 
correspond to A 4875 and 4871 A, the values of the second being AA 4869 and 4830 A, and A 4867 and 4836 A in 
the case of the third. 


The fine reflection structure of films deposited in an atmosphere of hydrogen sulfide with preheating of the base 
to 350° consists of one, two or three minima (Fig. 1 C, a, d, c). 


For some samples the minima are wide and shallow, while for others they are deep and narrow. In the case of 
films with three longwave reflection minima, their positions are constant and correspond to \, = 4833 A, A, = 4868 A, 
= 4905 A. For the other films the position of the first minimum varies from 4871 to 4880 A from one sample to a- 
nother, and from 4836 to 4843 A for the other. This is shown very markedly in the case of samples with deep narrow 
minima. As may be seen from Fig. 1c, there are three absorption bands in the absorption spectrum of sample No. 577 
(curve b), whereas there is only one minimum in the reflection spectrum of this sample (curve b). 


With an increase in the preheating temperature of the base to 450°, all films deposited in an atmosphere of hydro- 
gen sulfide have very deep and narrow longwave reflection lines, Such samples generally have two longwave minima. 
They are located at \X 4875, 4836-4845 A for one series of samples, and \ 4869, 4836-4841 A for another, The short- 
wave reflection minima are clearer than in the previous case (Fig. 1C, a, c, d). 


As in the case of samples prepared in an atmosphere of hydrogen sulfide, films deposited in argon on bases pre- 
heated to 350° have one, two or three longwave reflection minima. For films obtained on bases preheated to 450 and 
550°, the reflection spectra have two or three longwave minima; these are very deep, 


Therefore the investigations of the reflection spectra of thin cadmium sulfide films at the temperature of liquid 
nitrogen showed that films deposited in various atmospheres on non-preheated bases in the 460-490 my region do not 
have a fine reflection structure, It is observed only in the case of samples deposited onto preheated bases, films ob- 
tained on bases heated to 300° generally having only one reflection minimum (A 4777 A), This minimum is even ob- 
served in the case of samples, the absorption spectrum of which does not contain absorption bands, With a further in- 
crease in the preheating temperature of the base the number of minima increases and reaches five at a temperature 
of 450-500°. The fact that in a number of samples the reflection spectrum corresponds to the absorption spectrum is 
an indication that the nature of the fine reflection structure of cadmium sulfide is the same as that of its absorption 
bands. 


In conclusion I would like to express my thanks to Professor K. V. Shalimova for directing this work and for the 
valuable advice given. 
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The mechanism of the extraction of metals by fatty acids is usually explained by the formation of salts of 
fatty acids with metals in the organic phase and by exchange chemical reactions, this process being considered a 
typical example of liquid extraction [1,2]. 


Investigations carried out made it possible to establish the presence of a different mechanism of extraction o 
metals by fatty acids, due to retention of colloidally precipitated particles of hydroxides in the organic phase, The 
experiments were carried out, in particular, with the hydroxide Fe(OH)s, obtained by neutralizing an aqueous solu- 
tion of the salt (NH4)Fe(SO4)2 - 12H,O with ammonia. Solutions of oleic acid or synthetic fatty acids of the C7— Cg 
fraction in kerosene served as the organic phase. 


Comparatively high extraction of iron was observed (Fig. 1) in those 
cases where minimum amounts of fatty acids — known beforehand to be 
insufficient for formation of the corresponding salts (0.01 mole of acid 
per mole of iron) were added to the system. For comparison, the efficiency 
of the process when pure acid is used is also shown (30 moles of acid per 
mole of iron). 


The variationinthe ratio of the moles (Fig. 2) as a result of the 
reduction of the iron content in the system (0.1-100 g/liter) when a 10% 
solution of fatty acids in kerosene is used made it possible to determine 
the range in which this extraction mechanism is appreciable (in the form 
of a precipitate in the organic phase), 


Extraction. 


0-123 4 


With a reduction in the initial concentration of iron, the amount 
of precipitate in the organic phase was reduced, with a simultaneous in- 
crease in the iron content in the clarified organic phase (filtrate), which 
is usually taken as equal to the amount of iron extracted with formation 
of soluble chemical compounds. 


Fig. 1. The effect of pH on the extrac- 
tion of Fet*® by oleic acid (1) and a 
0.05% solution of oleic acid in kero- 
sene (2) from an aqueous phase with 
an initial iron concentration of 5 g/ The extraction of iron into the organic phase may be explained by 
liter. the formation of adsorption layers on the surface of kerosene drops, for 
instance, of the type 


A A A 
Fe Fe re te 

(where A is the acid anion), hydrated to an extent depending on the pH of the medium Having a polymeric-chain 
structure, the adsorption layers evidently retain the colloidally precipitated hydroxide in the organic phase. 


During this process the precipitated hydroxide particles are modified by the adsorption layers, and the micelles 
form complexes with the fatty acid anions. The essential possibility of the above-described mechanism of iron extrac- 
tion is confirmed by the results of research [3] on the stabilization of emulsions by solid emulsifiers, in which the 
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Fig. 2, Relation between the extraction of iron and the 
ratio between fatty acid (synthetic acids of the C7 ~ Cg 
fraction) and iron, in moles of acid per mole of iron; 
pH of the initial solution 6.0; legend same as for Fig. 1. 


theories of P. A. Rebinder on different types of dispersion 
structures were developed. During an investigation of an 
iron soap, N. A. Aleinikov and A. M. Makarova [4] found 
that “acid” and “basic” soaps are formed simultaneously, 
depending on the pH of the medium. The same process 
must also be observed during the extraction of colloidally 
precipitated iron hydroxide by fatty acids. The capacity 
of “basic” soaps for anion exchange can probably be 
utilized for extraction of certain metals in anionic form 
from the aqueous phase. 
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odical literature may well be available in English translation. A complete list of the cover-to- 
cover English translations appears at the back of this issue. 
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SIGNIFICANCE OF ABBREVIATIONS MOST FREQUENTLY 


FIAN 

GDI 

GITI 

GITTL 

GONTI 
Gosenergoizdat 
Goskhimizdat 
GOST 

GTTI 

IL 


ISN (Izd. Sov. Nauk) 


Izd. AN SSSR 
Izd. MGU 
LEMZhT 
LET 

LETI 
LETIIZhT 
Mashgiz 
MEP 

MES 
MESEP 
MGU 
MKhTI 
MOPI 

MSP 

NII ZVUKSZAPIOI 
NIKFI 
ONTI 

OTI 

OTN 
Stroiizdat 
TOE 
TsKTI 
TsNIEL 
TsNIEL -MES 
TsVTI 

UF 
VIESKh 
VNIIM 
VNIIZhDT 
VTI 

VZEI 


NOTE: Abbreviations not on this list and not explained in the translation have been transliterated, no further 
information about their significance being available to us. —Publisher. 
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